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Atomic density calibration at high-temperature
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Abstract — Calibration of atomic density in vapour cell
is very important for high precision quantum
metrology and fundamental research. Here we propose
to use spin noise spectroscopy(SNS) method for density
estimation which would be more reliable than the
common density estimation methods based on
absorption spectrum or thermodynamic equation. We
show our test with different density estimation methods,
and show the robustness of SNS method.

.  INTRODUCTION

Atomic density of alkali vapor is one of the most
important parameters of atomic ensemble, which has broad
applications in quantum metrology, such as atomic
magnetometer [1,2], atomic clock [3], atomic gyroscope
[4], and also quantum noise investigation. Our knowledge
of atomic density helps to increase measurement
sensitivity and accuracy. It is even more crucial for
quantum noise study topics that based on atomic
interactions to generate quantum entanglement [5] where
density calibration determines the standard quantum limit
of the system. However, the common density calibration
methods are not very suitable for high temperature atomic
vapour.

A convenient way of knowing the atomic density is
proposed by Alcock [6], based on thermodynamics,

n = L11021866+4-7
T
(D

where A and B are parameters determined by atomic
species. One can easily calculate atomic density with
known temperature. However, it is hard to get accurate
temperature of atomic vapour.. Firstly, normally we can
only measure temperature at the surface of a vapor
chamber which can not reflect the real temperature of the
alkali vapor. Secondly, there are also limitations on the
accuracy of temperature sensors. Absorption spectrum [7]
is another way of measuring atomic density, which partly
depends on temperature measurements. It gets density
information by fitting the absorption spectrum of atoms,
which makes it more reliable than thermodynamics
methods. However at high temperature, too much
absorption makes the spectrum saturated and therefore the
fitting results are not reliable any more. Here we propose
to estimate alkali vapor’s density with spin-noise
spectroscopy (SNS) [8], which does not rely on
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temperature measurement at all, and it can work for both
low and high temperature conditions.

II.  ATOMIC ABSORPTION SPECTRUM

Absorption spectrum is relatively easy to operate. A
laser beam passes through vapor cell with a frequency
modulation closed to resonance. The intensity before and
after the cell have to be recorded for further
calculations.The absorption effects with a given length of
alkali vapor are defined by

1(z) = Lyexp(—a(v,T)I), 2
where «a is absorption coefficient that depends on
frequency v of the incident light and temperature of the
vapor chamber, which is defined as

aWw,T) =a(v, T)n(T). 3)
where ¢ is absorption cross section and n is atomic
density. We see that the density estimation relies on the
measurement of temperature and beam power, but not
solely decided by temperature measurement, therefore it
can do a better job than thermodynamics equations.

At high temperature conditions, the atomic density is
quite high, therefore the absorption effect is so strong that
almost all probe power are absorbed on resonance, which
makes the fitting results not very reliable. As can be seen
in figure 1, above 90 °C, too much absorption covered the
transition details.
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Figure.1. Absorption line versus frequency detuning of

probing light under different temperature conditions.

I11.  SPIN NOISE SPECTROSCOPY

SNS is a technique to study spontaneous fluctuation of
spin system. There are several techniques that have been



applied to measure intrinsic fluctuation of the spin system,
such as nuclear magnetic resonance [9,10] and magnetic
force microscopy [11,12], but the most used probing
technique is Faraday rotation measurement which can
transfer information of spin noise to the polarization of an
off-resonance probe light. The setup of SNS is relatively
easy and very similar to absorption spectrum experiment,
where we need to measure the polarization, instead of
intensity, of probe beam.

Both photonic noise and atomic noise are included in the
SNS signal. For atomic density calibration, we need to get
atomic information. On time domain, it is hard to
distinguish photonic or atomic noise, but on frequency
domain, we could obtain atomic information since they
have different frequency dependence. With fast Fourier
transformation (FFT), we can get power spectral density
(PSD) of the SNS signal, which can be described by
Lorentzian function [13]:

(4v/2)?
S(V) —Sph+5atm ,
(4)

where v and Avare Lamour frequency and full-width half-
maximum (FWHM). S, is photon shot noise contribution to
PSD, which is mainly determined by probe power P. The
amplitude of Lorentzian line S, is mainly contributed by
atomic spin noise , which is defined as:

_ 4G*R*P?

Sat = av/Z VarOgg ,

()

where G is transimpedance gain; R is detector responsivity
and Var@gg is the variance of Faraday rotation due to light -
atom interaction:

0'02 2
— K7, (6)
Aerr

Here k is a parameter determined by detuning frequency of
probing light and atomic property. o, and A.sr are on
resonance cross section and effective beam area. N is the number
of atoms that interacts with probing light, which is the parameter
we want to estimate through SNS technique. We could see that
the density estimation is independent of temperature estimation
but relies on probe power measurements.

In figure 2 we show SNS and its fitting with Lorentzian line
as described above. Integral under the Lorentzian line shape,
S.t4v/2, is proportional to N, thus by fitting the noise spectrum
we can acquire density of atomic ensemble. Most of the variables
are calculable or measurable in fine accuracy, and SNS apparatus
is easy to set up, so it’s a relatively reliable and convenient
method for vapor density calibration at both low and high
temperature.
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Figure. 2. spin noise spectroscopy: Dark blue line is
measured spin noise from Rb® vapor at 102 °C and under
834.15 nT magnetic field, yellow line is fitting of data with
Lorentzian function. Acquisition time is [, = 0.5 s

with sampling rate of 200 kHz.

At very high temperature, fast collision among atoms
happens, that causes a large spin-exchange rate, Rse, bringing
large spin relaxation. However when Lamor frequency induced
by exerted magnetic field is much lower spin-exchange
rate, ,i.e.,, Rg > vi,atoms in upper and lower hyperfine levels
precess as a bond state. This gives a high signal to noise ratio and
narrower linewidth, but with slower-down presession frequency.
The precession frequency and magnetic resonance linewidth
changes under different spin-exchange rate or precession rate can
be illustrated as[9]:

_ (1%+2)Rge
IENE
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where [I] = 214+ 1_,and | is nuclear spin, w,is the Lamour frequency of
atoms. When Rge >> wq. the system enters SERF-regime, and the
precession rate becomes wq = wq/q; ,With slowing down factor
qi-
SNS can also be used as a convenient indicator for atomic
ensemble entering spin-exchange relaxation free (SERF) regime,
since it gives a magnetic resonance signal with a simpler setup
comparing with a full magnetometer setup. In figure 3 we show
theoretical prediction based on equation (7) and also
experimental results of w, from SNS measurementsat 176 T.
We could see the experimental results agree with theory nicely
and support for a SERF-regime calibration. Besides, by fitting the
experimental data, we could get a more precise density
calibration at very high temperature.
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Figure. 3. frequency shift in SERF regime: Blue line is

the theoretical prediction of Lamour frequency based on

equation (7) with fixed Ry, = 4.24 = 105s~1. red dots are

experimental result acquired at 176 .
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IV.  COMPARISON OF DIFFERENT CALIBRATION

METHODS

In figure 3 we show the density estimation of three
different calibration methods. The black line denotes for
estimated vapor density with thermodynamic function.
Since the temperature sensor is set at the surface of vapor
chamber, it estimates a higher temperature of the atomic
vapor. This method should over estimate the atomic
density. The purple line shows the density estimated by
absorption spectrum. Due to strong absorption effect, and
its reliance on temperature estimation it can not give a
reliable estimation at high temperatures. Since the density
estimation method based on SNS technique relies on the
probe power measurements, we did the test under different
probe power. As shown in figure 3, the blue, red, green
lines stands for density estimation under 2 mwW, 3 mwW, and
4 mW probe power. We could see, they have good
agreement under different power. This shows its robust
density estimation ability. We could see at low temperature,
the density estimation with different methods can easily be
consist with each other, but at high temperature, the
accurate density estimation is a crucial problem.
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Figure. 3. comparison of different density estimation
method from 60 °C to 110 °C.,
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V. CONCLUSION

In conclusion, we proposed a more reliable atomic
density estimation method at high temperature conditions,
which is based on SNS technique. We have studied
different methods for atomic density estimation, and
compared their results in temperature range of 60 °C -
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110 °C. We demonstrated the density estimation
consistency by using SNS with different probe powers.
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