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Abstract: Vapor cells with antirelaxation coating are widely used in modern atomic
physics experiments due to the coating’s ability to maintain the atoms’ spin polariza-
tion during wall collisions. We characterize the performance of vapor cells with different
coating materials by measuring longitudinal spin relaxation and vapor density at tem-
peratures up to 95°C. We found that the spin-projection-noise-limited sensitivity for
atomic magnetometers with such cells improves with temperature, which demonstrates
the potential of antirelaxation coated cells in applications of future high-sensitivity mag-
netometers.
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1. Introduction

Alkali metal atoms with long-lived ground-state spin polarization play an important role
in a wide range of applications, such as atomic magnetometry [1], frequency standards
[2], quantum memory for light [3], generation of spin-squeezed states [4], and sensitive
searches for exotic physics [5]. Two common methods to preserve the spin state are the
use of chemically inert buffer gas and antirelaxation wall coating (AWC). Advantages
of magnetometers based on coated cells over those based on buffer-gas cells include the
ability to operate at lower light power, reduced sensitivity to magnetic-field gradients [6],
and narrower spectral lines [7-15]. High-quality AWC can allow for up to 10® bounces
of a polarized alkali atom off the cell wall without depolarization [16].

The high-temperature operation of AWC is important for applications requiring a high
atomic vapor density, such as miniaturized magnetometers [18], atomic clocks based on
miniaturized cells [19], and spin-exchange-relaxation-free (SERF) magnetometers with
low buffer gas pressure [20]. When heating vapor cells, the saturated vapor density in-
creases, which can improve the sensitivity of spin-related measurements. On the other
hand, heating can also deteriorate AWC’s performance or cause the coating material to
melt (for a typical paraffin AWC, the melting point is around 60°C). High-temperature
operation up to about 170°C was demonstrated with octadecyltrichlorosilane (OTS)
coatings [21], however, the authors report typical performance in terms of depolariz-
ation rates to be about several hundred wall collisions without depolarization. In ad-
dition, significant variation of AWC properties was observed with a nominally uniform
preparation procedure [21], which may be problematic for mass production of AWC
cells. Although the properties of AWC were studied extensively [13,14,17] and some
previous works specially focused on the relaxation properties of AWC near the melting
point [7,15,22, 23], the effect of heating AWC cells above the coating-material melting
point on the magnetometric sensitivity remains insufficiently explored.

For atomic magnetometers, the spin-projection-noise-limited (atomic-shot-noise-
limited) sensitivity dBgny, of a polarized atomic system to magnetic field can be de-

scribed by [24]
1 1
O0BsNL * —{/ —, 1
SNE vV nral ( )

where 7 is the gyromagnetic ratio, 7, is the spin relaxation time [25], n is the number of
measured atoms, and T is the measurement time. From Eq. (1), we can see that once the
atomic system is determined, the spin-projection-noise-limited sensitivity will essentially
depend on the product of the number of measured atoms and the spin relaxation time.
Therefore in this article, we demonstrate the results of systematic measurements of
vapor density and spin relaxation time at high temperatures. For the vapor-density
measurement, the optical transmission signal of a weak laser beam is fitted to the
atomic absorption function. For the spin-relaxation-time measurement, in contrast to the
traditional Franzen’s “relaxation in the dark” (RID) method [26], where the transmission
of circularly polarized light is monitored, we use a modified method where circularly
polarized pump light orients the atomic ensemble and the optical rotation of linearly
polarized probe light is observed [9]. The main advantage of this modified RID over the
original version is that the signal only involves two time constants, which simplifies the
characterization of vapor cells [9] (Another version of the RID technique that enables
measurements of the transverse spin relaxation is discussed in [27].)



2. Experimental setup and measurement procedure
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Fig. 1. (a) Schematic of the experimental setup. LD: Laser diode; ISO: opti-
cal isolator; PBS: polarizing beam splitter; FP: Fabry-Pérot spectrum analyzer;
HWP: half-wave plate; QWP: quarter-wave plate; OS: optical shutter; C&M: cell
and magnet system; WP: Wollaston prism; DAQ: data acquisition system. (b)
Schematic of the cell temperature control system. TEC: thermoelectric cooler.
Twisted heating wires are not shown. (c¢) Schematic of the cell temperature
measurement configuration. A cylindrical cell is shown as an example, spheri-
cal cells have a similar arrangement. The black dots show the three points where
thermocouples (Tc) are attached to during the measurements. Tc 1 - Tc 3 measure
the stem temperature, the capillary temperature, and the volume temperature,
respectively. The volume temperature also represents the coating temperature.

The experimental setup is shown in Fig. 1. A pair of Helmholtz coils generates a
magnetic field of around 6 G along the beams’ propagation direction. The magnitude
of the field should be larger than the ambient field in the lab (0.5 G), so that there is
a well defined field axis and no unwanted spin precession, but also not too big to avoid
effects due to polarization moments other than orientation [9]. In our experiment, spin
relaxation is essentially independent of the magnetic field in the range from 1 G to 10 G
which validates the assumption. Probe beam and pump beam are generated by a 852 nm
(Cs D2 line) distributed feedback (DFB) laser whose frequency is locked to the Doppler
broadened Fy =4 — F, = 3,4,5 transitions with a compact dichroic atomic vapor laser
lock (DAVLL) system [28]. The DAVLL signal is used as the input of an analog feedback
control loop (Stanford Research System SIM960). The broad DAVLL error signal allows
stable laser frequency locks within a 2.6 GHz range centered around the Fy =4 — Fo =5
transition [29]. The probe beam power is kept as low as 1 W to avoid deformation of the
optical spectrum due to saturated optical absorption. The pump beam power is about
15 pW , which is sufficient to optically pump a significant number of atoms and therefore



to generate Zeeman polarization in the F' = 4 hyperfine manifold. The diameters of the
probe beam and the pump beam are about 1 mm and 5 mm, respectively, and are kept
constant for all the measurements. And there is no cross-sectional area of the probe and
the pump beam. To study spin relaxation transients the pump beam was switched on
and off with a mechanical shutter (Thorlabs SH05). Pump beam and probe beam are
counter-propagating to minimize pump-light scattering into the probe photodetectors.

We investigated several vapor cells, different in shape, volume, capillary size, and
coating material. The capillary is the part that connects the cell stem and the cell and
governs the exchange of atoms between the two volumes. The existence of the capillary
connected to the main cell volume is the origin of reservoir relaxation [9]. The parameters
for the vapor cells used in this experiment are summarized in Table. 1. pwMB is the
same wax fraction investigated in [15]. pwMB-H is the fraction of the same initial wax
distilled at 240°C. Cell E is coated with an alkene-based coating, which is similar to
the coating used in [16]. Cell E has a glass “lock” in the stem to control atom diffusion
between the volume and the stem. The “lock” is kept open during the measurements to
ensure identical conditions with respect to the measurements with the other cells. Cell F
and cell G are coated with commercial paraffin wax and are independently manufactured
at the Peking University. Cell H is coated with deuterated polyethylene, which has a
higher melting temperature than other coating materials we investigated in the paper.
It should be noted that the melting temperatures listed in Table. 1 are estimated values.
More precise measurement of the melting point of the paraffin wax can be done with
differential scanning calirometry (DSC) as described in [15].

Table 1. Parameters for vapor cells used in the experiments. The fast relax-
ation rate 7y and the slow relaxation rate s shown in the table are measured
at Tyolume =~ 30°C and Tgiem ~ 20°C. d and [ is the diameter and the length
of the cell, respectively. N is the average number of wall collisions without de-
polarization calculated with slow relaxation rates. A detailed description of the
spin-relaxation measurement is in Section. 3.2.

Cell Shape d l Coating material Ve N Estimate melting
() (mm) 7Y (7Y point (°C)

A cylindrical 51 51  pwMB 2.14  24.39 2013 60

B cylindrical 51 51  pwMB 3.21 27.03 1342 60

C cylindrical 51 51 pwMB-H 0.74 2439 5821 70

D cylindrical 51 51  pwMB-H 1.58 30.30 2726 70

E spherical 25—  alkene-based 3.15  33.33 4184 60

F spherical 30 —  paraffin 1.44  23.56 7628 60

G spherical 30 —  paraffin 4.35 31.97 2525 60

H spherical 34 —  deuterated 43.94 — 221 >100

In order to characterize the high-temperature performance of the cells, careful de-
sign of the temperature control system is needed. Since the vapor-phase atoms tend to
condense at the coolest part of the cell and therefore form an alkali-metal film on the
coating material, it is important to keep the stem temperature lower than the volume
temperature. A schematic of the cell thermostat is shown in Fig. 1(b). The vapor cell
is housed in an oven made of polyetheretherketone (PEEK) which can be resistively
heated with twisted wires. The heating current is controlled with a temperature PID
Module (Omega CNi Series) which stabilizes the temperature at the position of TC3.
The cell stem is wrapped with a 15 cm long copper braid which is connected to a ther-
moelectric cooler (TEC) outside of the oven and insulated with low-heat-conductivity



foam inside the oven. Cooling the copper braid with the TEC outside the oven creates
a temperature gradient and therefore cools the stem of the cell. The temperature can
be adjusted by varying the current through the TEC. Temperature measurement is
crucial in this experiment. In order to precisely monitor the temperature gradient on
the cell, three thermocouples (Tc 1, 2, 3), which are attached to different parts of the
cell with high-temperature tape, are used to separately monitor the stem temperature
(Tc 1), the capillary temperature (Tc 2) and the volume temperature (Tc 3). An example
configuration of the temperature sensors is shown in Fig. 1(c).
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Fig. 2. Simplified flow chart of measurement procedure. At each tempera-
ture point, the whole measurement process contains two parts: spin-relaxation
measurement and vapor-density measurement. For spin-relaxation measurements,
a modified relaxation-in-the-dark method is used and the optical-rotation sig-
nal is fitted with a biexponential function. For vapor-density measurements, the
spectrum of optical absorption is recorded and fitted with the atomic-absorption
profile.

The experimental setup allows for measurements of both the spectrum of optical
absorption and the spin-relaxation transient. The measurement procedure is shown in
Fig. 2. Once the temperature is tuned, the spin-relaxation transient is measured first.
There are two steps in the spin-relaxation measurement. The first step is to pump the
atoms in the vapor cell with circularly polarized light. The duration of the pump period
is typically 2 s. The second step is to shut the pump light off and let the polarized atoms
relax in the dark (except for the weak probe light). For spin relaxation measurements,
optical rotation of the probe polarization (¢) is determined using the signals from the
polarimeter
et )

1+ P2)
where P; and P> correspond to the signals from the two photodiodes in the polarime-

ter, which are digitized with a 16-bit analog-to-digit converter (ADC) from National
Instrument (PCI-6030). Then the derived optical-rotation signal is stored and fitted

sing =



to a biexponential function [9]. For vapor-density measurements, the laser frequency
is scanned over 20 GHz in 0.5 s by applying a ramp to the DFB current after lifting
the frequency lock. A Fabry-Pérot spectrum analyzer is used to monitor the linearity
of the laser-frequency scan. The vapor density can be extracted by fitting the optical-
absorption spectrum with the theoretical optical-absorption function. The routines for
this are adapted from the AtomicDensityMatrix Mathematica package [30]. Before spin-
relaxation measurements the laser frequency is locked again.

3. Results and discussion

3.1. Vapor-density measurement

Figure 3 shows an optical-absorption signal of a cell together with the fitting result.
The background slope of the absorption signal is due to the laser output power varia-
tion during the frequency scan. The nonzero signal value at full absorption is due to an
electronic offset. One of the error sources for vapor-density measurement is the nonlin-
earity of the laser-frequency scan. In the experiment, we use a Fabry-Pérot spectrum
analyzer to linearize the frequency axis.

020 T T T 1 I
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Fig. 3. Spectrum of optical absorption for Cs D2 line. The data are taken with
cell C at temperatures of Tytem = 82°C and Tyolume = 90°C. The fitted vapor
density is 8.86 x 10'2 ¢cm™3. The arrow in the figure indicates the locking point
of the laser.

The density of the saturated vapor of alkali metal is determined by the lowest tempera-
ture in the cell. In the experiment, the stem temperature is kept lower than the volume
temperature to guarantee that an alkali-metal film does not form on the inner walls
of the working volume of the cell. After the cesium atoms diffuse into the cell volume
from the stem and collide with the cell wall, they thermalize with the wall. Therefore, in
optical absorption fitting, the Doppler broadening should be determined by the volume
temperature. Figure 4 shows the fitted vapor density for several cells as a function of



the temperature. The temperature in Fig. 4 is obtained from Tc 2 [see Fig.1(c)]. Due to
the finite heat conductivity of glass, there is a temperature gradient along the cell stem.
The temperature difference along the stem can be as large as 10°C during the measure-
ment and the temperature gradient can vary from cell to cell. Since the vapor density
in AWC cells is normally lower than the saturated vapor density due to the absorption
of some alkali atoms by the coating material [13,24,31], we find that the temperature
of Tc 2 appears to be the closest to the temperature in the stem that determines the
vapor pressure. Moreover, it is also reported that background gases (e.g. Ha, CoHy) can
be generated from chemical reactions of alkali atoms and the coating material, which
may cause additional pressure broadening in the absorption spectrum [31,32]. However,
within the temperature range of our experiment, it was not necessary to include pressure
broadening when fitting the spectrum with theoretical optical-absorption function.

! ! ! ! ! ! !
_[— Literature value for vapor density]

10%?

1012 |

Vapor density (cm™3)

ol LT !

20 30 40 50 60 70 80 90 100
Cell temperature (°C)

Fig. 4. Dependence of vapor density on stem temperature. During the measure-
ments, the stem temperature is always kept about 10°C lower than the volume
temperature.

3.2.  Spin-relaxation measurement

The optical-rotation signal ¢ obtained in the spin-relaxation measurement relaxes in a
biexponential manner, which can be described with the following formula [9],

¢ = ¢o + Apexp (—7¢t) + Asexp (—7st), (3)

where ¢ is the rotation due to linear effects which is independent of the pump light, A¢
and Ay are “fast” and “slow” relaxation amplitudes and ~¢ and 75 correspond to “fast”
and “slow” relaxation rates. These two relaxation processes can be related to three
primary relaxation mechanisms in the vapor cell: (1) electron-randomization collisions
with the cell wall or gaseous impurities, (2) spin-exchange collisions between alkali atoms
and (3) exchange of alkali atoms between the volume and the stem, which is also known
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Fig. 5. Optical-rotation signal with Cell C at room temperature. The signal is
obtained with 15 W pump power and 1 uW probe power. The curve in the
“relaxation in the dark” part is fitted with Eq. (3) which gives vs = 0.927 s7L,
e =11.1 s7! As=0.137 rad, A = —0.042 rad, and ¢g = 0.0018 rad.

as the “uniform relaxation”. The “fast” and “slow” relaxation rates (¢s), which are the
inverse of the relaxation times (¢ ), can be expressed with the following formula [9],

1
I =Tt 5 (339 + 22900 % /96192, + 132470700 + 43492, ()

where 7 is the rate of electron-randomization collisions, vse is the rate of spin-exchange
collisions, and ~y, is the rate of uniform relaxation. According to Eq.(4), if Yer < 7Yse, the
fast and slow relaxation rates are given by

11
Yt = Yu+ Yer + 1_6’7567 (5)
1
Vs X Yut @'Yer- (6)

Figure 5 shows a typical optical rotation signal. When the optical shutter is open
during the first 2 s of the measurement, the pump beam creates Zeeman polarization
(orientation) in both ground-state hyperfine states and also pumps atoms from the
F = 4 manifold to the F =3 manifold producing hyperfine polarization. The relative
degree of the two kinds of polarization depends on the frequency tuning of the pump
light. Since the probe beam measures the orientation in the F' = 4 manifold, the optical
rotation signal increases until it reaches an equilibrium value (¢eq). In the case that
hyperfine polarization is stronger than Zeeman polarization, when the pump beam is
turned off and the spin-exchange collisions bring oriented atoms to the F' =4 manifold,
optical rotation experienced by the probe may initially increase before it decreases due
to relaxation. Such a situation is seen in Fig. 5.
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ment, the probe power is kept at 1 yW. The data in power-dependence measure-
ments are collected with Cell C at Tgtem = 18°C and Tyolume = 25°C. The inset
shows the equilibrium optical rotation in the low-pump-power regime.

It also should be noted that Eq.(4) is only valid in the condition of low orientation.
Since the equilibrium optical rotation (¢eq), which is shown in Fig. 5, is proportional to
the maximum orientation in the F' =4 manifold created by the pump light, we are able
to evaluate the orientation of the atoms in the vapor cell by measuring ¢eq. Figure. 6
shows the dependence of ¢¢q on the pump power. For low pump powers, the orientation
in both ' =3 and F' = 4 manifold increases with pump power so that ¢eq first increases
and reaches its maximum value. The maximum ¢¢q occurs when the pump power is
about 25 pW. Increasing the pump power further decreases ¢oq because a significant
portion of atoms in the F' =4 manifold is pumped to the F' = 3 manifold. Therefore, we
chose 15 uW as the pump power to ensure low polarization for all the measurements
presented here.

Figure 7(a) shows the dependence of the relaxation rates on the pump power. The fast
relaxation rate stays nearly constant for pump powers above 500 W and reduces for low
powers, which can be qualitatively explained by the increase of the slowing-down factor
when the atomic polarization is low. The slow relaxation rate appears to be independent
of the pump power. The slight increase of the slow relaxation rate at near-zero pump
powers is due to the increase of fitting errors. Figure 7(b) shows the dependence of
the relaxation rates on the probe power. The dependence is measured with both high
pump power (2 mW) and low pump power (10 uW). For either case, both fast and
slow relaxation rates increase with probe power due to the relaxation of the atomic
orientation caused by the linearly polarized probe light. Therefore, in the temperature-
dependence measurement, we chose the probe power to be around 1 W to minimize
the relaxation due to the probe light while maintaining a sufficient signal-to-noise ratio.

Figure 8 shows the dependence of the slow relaxation rate on the coating temperature
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Fig. 7. (a) Dependence of relaxation rates on pump power. During the measure-
ment, the probe power is chosen to be around 1 yW. The inset shows the slow
relaxation rates for low pump powers. For pump power approaching zero, the
biexponential fitting gives larger error due to the worse signal-to-noise ratio. The
data for the relaxation rates are collected from the same measurement as that for
equilibrium optical rotation. (b) Dependence of relaxation rates on probe power.
The pump power is 10 pW for the low-pump-power case, while it is 2 mW for
the high-pump-power case. The probe power is changed by adjusting a neutral
density filter.



for different cells. In contrast to the vapor density’s dependence on the stem temperature
the relaxation rate depends mainly on the coating temperature, because the relaxation
process is governed by the atom’s interaction with the AWC and collisions within the
cell volume. For cell A-G, we observe that as the temperature rises, the slow relaxation
rate first decreases then begins to increase at a temperature of around 50-60°C. When
the temperature rises above 70°C, the slow relaxation rate quickly increases to about
10 s~1. Cell H shows considerably larger slow relaxation rate compared to the other
cells at low temperatures; however, it attains comparable performance to the other cells
above 70°C. The variation of the slow relaxation rate with regard to the temperature
change coincides with the drawn-out melting and fusion profiles of pwMB measured
with DSC [15]. These show that pwMB is partially molten at temperatures from room
temperature to about 60°C and completely melted at temperatures above 70°C. This
indicates that melting degrades the AWC to some extent. Similar results were reported
in [7] and [13]. We could also verify that below 100°C, where the relaxation rate goes up
to around 10 s~!, the coating can restore its antirelaxation properties when it is cooled
down again. The fast relaxation rate is not shown in the figure because of the large fitting
errors due to small signal-to-noise ratios for low beam powers. The amplitude for the
fast relaxation becomes indistinguishable from noise at temperatures higher than 50°C,
so that the transient of the optical rotation signal is well fitted with a single exponential
function. According to Fig. 8, cells coated with wax distilled at a temperature of 240°C
(cell C and D) show smaller spin relaxation rates than cell A and B whose coating
material was distilled at 220°C. As for Cell E-H, since they have different geometries
from those of cylindrical cells, we can compare their coating properties with the others
by calculating the average number of bounces without depolarization. The result for the
measurement at Tyolume & 30°C (Titem =~ 20°C) is summarized in Table 1.
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Fig. 8. Slow relaxation rates versus temperature. The measured relaxation rates
are compared with the literature value for Cs-Cs spin-destruction relaxation rate
~vsp [See Section III CJ.



As the cell temperature goes up, the increase of vapor density causes severe degra-
dation of the amplitude of the optical rotation signal. Therefore, in order to guarantee
a sufficient signal-to-noise ratio which is crucial for a reliable fit, laser frequency de-
tuning was changed for different temperatures. The laser frequency is locked near high-
frequency wing of the absorption profile, which is shown in Fig. 3. We have reproduced
the results in [9], showing that both fast and slow relaxation times are independent of
frequency detuning.

During the experiment, we observed that spin-relaxation properties can be enhanced
for some cells by reheating the cell while ensuring that the stem is, indeed, the coldest
part of the cell. Figure 9 shows the comparison of spin relaxation rates for cell A and
cell D before and after reheating. For cell A, the minimum relaxation rate decreased
from 3.3 s7! to 1.5 s~1. For cell D, the minimum relaxation rate decreased from 4.5 s~ 1
to 1.3 s~1. Similar effects have also been observed for other cells. Reheating involves
heating the cell to around 90°C for several hours while keeping the stem temperature
a few degrees lower. The reason for this is that, while cells are being stored at room
temperature or working at high temperature without maintaining a proper temperature
difference between the stem and the volume, alkali atoms tend to form a film or clusters
on top of AWC which can cause deterioration of the relaxation properties. By reheating
the cell while keeping the stem cooler, the vaporized alkali atoms will only deposit in
the stem and the cell appears to be “cured”.
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Fig. 9. Comparison of slow relaxation rates for cells before and after reheating for
cell A and cell D. Similar enhancement of AWC relaxation properties by reheating
was also observed for other cells.

The validity of the assumption e < 7vse can be checked at both low temperatures
and high temperatures. For low temperatures, substituting v¢ and 75 in Eq. (5) and (6)
with the measured results from Table. 1 and calculating g at T'= 30°C results in the
uniform relaxation rate v, and the electron-randomization rate vo,. Taking cell D as an



example, the spin-exchange relaxation rate can be calculated as Yyse = ncs0se® ~ 37.2 571
where ncs 26 x 1010 cm ™3, 0ge =2 x 10714 ¢cm?, and v ~ 3.1 x 10* cm/s, so the uniform
relaxation rate and the electron-randomization rate can be calculated to be v, ~ 1.5 571
and Yer &~ 3.2 s~1, respectively. For high temperatures, since the fast relaxation rate
cannot be reliably measured with the relaxation-in-the-dark method, the upper limit
for the electron-randomization rate can be evaluated as veor < 3275 [see Eq. (6)]. Again,
taking cell D as an example, the spin-exchange relaxation rate at 90°C can be calculated
as Yse = NCs0seV ~ 4760 s~!, where ngs =~ 7x 102 cm ™3 and v~ 3.4 x 10% cm/s. And the
upper limit for the electron-randomization rate is set by Yer < 327s|p—gooc =~ 213 s~
where 7s|p—ggeoc is measured to be about 6.67 s~1. Based on the above discussion, the
assumption that the spin-exchange relaxation rate vge is much faster than the electron-
randomization rate ~ye, is valid within the whole temperature range of the measurement.

In order to check if there is a significant amount of buffer gas generated after the cells
are heated above the melting temperature, we make an order-of-magnitude estimation
of how the motion of polarized alkali atoms can be influenced by the background buffer
gas. If we assume there is about 5 torr small-molecule buffer gas (Hg, CHy, ...) generated
at the temperature of 95°C, the diffusion coefficient of alkali atoms (Dcg, taking cesium
as an example) in the buffer gas is about 400 cm?/s. Then the time for a polarized atom
to diffuse over the full length (Ip) from the pump beam region to the cell wall (the
typical value for [p can be chosen as 4 cm) is t = (1%,)/(4D¢s) ~ 0.01 s, which is on the
same order of the spin relaxation time we measured at high temperatures. This indicates
that if the amount of the generated background buffer gas is larger than 5 torr under
such circumstances, by measuring polarized atoms at different locations with respect
to the pump beam, we would observe both a significant delay of the response and a
variation of the time-dependent signal amplitude in the spin-relaxation measurement.
However, for different separations of the pump and the probe beam, neither the delay
of the response nor the change of the spin-relaxation amplitude was observed in the
experiment. Although the pumping efficiency can be influenced by the optical path
length in the cell and the light scattering and refraction at the cell surface, we observed
that within the temperature range we explored in the experiment, there is no significant
buffer gas generation and the cells still function as the coated cells and not as buffer-gas
cells.

3.3.  Figure of merit

According to Eq. (1), the spin-projection-noise-limited sensitivity 6 Bgny, for atomic mag-
netometers is inversely proportional to the square root of the product of spin relaxation
time 7y and the number of measured atoms n under a given measurement time. Since
polarized atoms can bounce 103 — 106 times from a wall before getting depolarized in
AWC cells, the probe beam samples nearly all the atoms in the cell even if the beam
size is much smaller than the size of the cell [33]. Therefore, the measured number of
atoms in Eq. (1) can be represented by the total number of atoms ngg in the vapor cell.
The spin relaxation time 7y is limited by several factors, such as spin-exchange col-
lisions, spin-destruction collisions, wall collisions, optical pumping, and magnetic field
gradients. Among them, spin-exchange collisions can be partially or fully suppressed by
light-narrowing or SERF techniques. Assuming optical pumping effects and field gra-
dients are sufficiently reduced, the ultimate limit for the relaxation time of vapor-cell
magnetometers is set by spin-destruction and wall collisions. Since the slow relaxation
rate (75 = 1/75) measured in the experiment is nearly independent of spin-exchange
collisions [see Eq. (4)] and dominated by electron-randomization collisions which are
essentially spin-destruction and wall collisions, 75 can be a good representation for the



spin-relaxation time in Eq. (1) when evaluating the ultimate limit for the sensitivity.
As is shown in Fig. 8, for increasing temperatures and therefore increasing vapor den-
sities, the slow relaxation rate approaches the spin-destruction limit. Spin-destruction
collisions become therefore the dominant mechanism for spin relaxation at high tem-
peratures. The spin-destruction-limited relaxation rate ysp can be described by the
equation ysp = (ncsospv)/q, where ¢ = 32 (for Cs) is the scaling factor deduced from
Eq. (6), ncs is the measured cesium vapor density, ogsp = 2 X 10716 cm? is the Cs-Cs
electron spin-destruction cross section, and v = \/16kpT/(7mmcs) is the relative mean
thermal velocity for Cs atoms [34].
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Fig. 10. Dependence of the product of the slow relaxation time 7 and vapor density
ncs on coating temperature. The stem temperature is kept about 5— 10°C lower
than the volume temperature. The literature value is obtained by multiplying
Cs-Cs spin-destruction relaxation time with saturated vapor density.

Figure 10 shows the product of the spin-relaxation time 74 and the vapor density ncg
for different temperatures. Within the temperature range explored in our experiment,
we show that the product of 75 and ngg increases by a factor of 100 when we increase the
temperature from 25°C to 95°C. Since the fundamental sensitivity of a Cs magnetometer
with a coated cell was shown to be on the order of 1 fT with a 1 s measurement
time [33], considering the benefit from AWC cells operating at high temperatures, we
can expect the fundamental sensitivity to be improved to better than 100 aT level. We
also notice that at the highest temperature point in our experiment (T' ~ 95°C), the
vapor density reaches 10'® ¢cm™2 which already approaches the vapor density typical
for SERF magnetometers.

4. Conclusions

In conclusion, we investigated the performance of AWC cells by measuring their spin-
relaxation rates and vapor densities for different temperatures up to 95°C. Previously,



AWC (especially paraffin-coated) cells were commonly thought to be unsuitable for high-
temperature applications limited by the low melting point of the coating materials. We
experimentally observe an increase in the figure of merit as is shown in Fig. 10 and
demonstrate the potential of AWC cells to work even at temperatures that correspond
to partial melting of the coating material, with the potential to improve the sensitiv-
ity limit of atomic magnetometers. We note that even though the measured figure of
merit is still about one order of magnitude below the spin-destruction limit for the high-
est temperatures used, the spin-destruction limit will potentially be reached at higher
temperatures. Once the figure of merit is ultimately limited by spin-destruction interac-
tions, there will be no more gain in sensitivity with a further increase in vapor density
because spin-destruction relaxation time scales as n~!. Since the spin-destruction limit
is exactly the same limit as is ultimately achieved by SERF magnetometers, we show
the possibility of magnetometers based on AWC cells to reach the same sensitivity. And
one major advantage of such AWC cells (buffer-gas-free) is that they are much less
sensitive to magnetic field gradients [1] and work for a wider range of magnetic fields.
Moreover, an additional advantage of magnetometers that work in the high-density
regime is their faster response time, which may be helpful for detection of time-varying
fields [1,5]. We have focused our discussion on magnetometry applications; however, the
results are applicable also to other devices utilizing coated cells, including rotation sen-
sors, electrometers, and secondary frequency standards. Future work includes extending
the temperature range of the measurements and experimenting with different coating
materials.
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