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Atoms and simple molecules are excellent candidates for new standards and sensors because
they are both all identical and their properties are determined by the immutable laws of quantum
physics. Here, we introduce the concept of building a standard and sensor of radiative temperature
using atoms and molecules. Such standards are based on precise measurement of the rate at which
blackbody radiation (BBR) either excites or stimulates emission for a given atomic transition. We
summarize the recent results of two experiments while detailing the rate equation models required
for their interpretation. The cold atom thermometer (CAT) uses a gas of laser cooled 85Rb Rydberg
atoms to probe the BBR spectrum near 130 GHz. This primary, i.e., not traceable to a measurement
of like kind, temperature measurement currently has a total uncertainty of approximately 1 %, with
clear paths toward improvement. The compact blackbody radiation atomic sensor (CoBRAS) uses a
vapour of ¥Rb and monitors fluorescence from states that are either populated by BBR or populated
by spontaneous emission to measure the blackbody spectrum near 24.5 THz. The CoBRAS has an
excellent relative precision of u(T) ~ 0.13 K, with a clear path toward implementing a primary
measurement.

I. INTRODUCTION

From the days of John Dalton, the scientific community has realized that all atoms of a certain species and isotope
are identical: they share the same mass, energy levels, polarizability, etc. These properties are dictated by the
immutable laws of atomic physics. Because of the constancy and consistency of their properties, atoms and, by
extension, simple molecules make excellent potential measurement sensors and standards. To date, atoms have been
used as fundamental standards of time [I], and have been used as the basis for magnetic field [2], electric field [3],
vacuum pressure [4], and inertial [5] sensors.

Over the past several years, we have been striving to use atoms and simple molecules as standards and sensors
for radiative temperature. As realized by Einstein [6], blackbody radiation at a temperature T can drive transitions
between quantum states, both by absorbing photons and by stimulating emission of photons. The rate of absorption
or stimulated emission between two states ¢ and j, assuming no degeneracy, is the product of two quantities. The first
is the photon energy density per unit angular frequency, U, (w,T), which is a function of both the angular frequency
w and T. The second is the dipole transition dipole matrix element squared, |(i|d|j)|* [7]. Measured in s~*, the
transition rate is
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Appearing in are three defining constants of the SI-—the speed of light ¢, the reduced Planck constant A, and the
Boltzmann constant kg—and one derived physical constant—the permittivity of free space €. Also appearing in
are two atomic or molecular properties: the transition frequency w;; = |E; — E;|/h, with E; ; as the energy of the ¢, jth
state and the dipole matrix element | (i|d|;) |2. Thus, (2 relates transition rates to temperature through fundamental
constants and atomic properties, making population transfer an ideal candidate for an atomic temperature sensor.
Moreover, because such a sensor need not be traceable to a measurement of like kind (in casu, a different thermometer),
it can also serve as a primary standard.

For almost any conceivable w of interest, at least one transition can be found in any given atom or molecule with
wij ~ w. Indeed, even in a simple alkali atom like Rb, transitions can be identified across the full Planck spectrum.
Figure [1) shows a subset of transitions in Rb taken from a calculation using the python package ARC [8] and, when
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FIG. 1. Planck’slaw at T' = 300 K (black curve, left scale) and a stick spectrum showing different atomic dipole strengths (right
scale) for different transitions in Rb vs. frequency (bottom axis) and wavelength (top axis). Transitions between nS; /2 — nP3,,
are show as red, solid sticks; nS;/, — (n — 1)P3/; are dashed, cyan sticks; nP3/; — (n — 1)Ds5/2 are dashed-dot purple sticks;
and nP3/5 — (n — 2)D5/5 are dotted, gray sticks. The highlighted orange and green sticks correspond to the transitions used
in the experiments of Secs. [[T]] and [[V] respectively.

available, the NIST spectral database [9] together with U, (w,T = 300 K). Specifically, we show transitions between
nS — (n,n + 1)P states and nP — (n — 2,n — 1)D states, where n is the principal quantum number. Transitions
can be observed over the entire infrared regime and into the microwave regime. Selecting the band of interest for
thermometry can thus be as simple as selecting a different transition within the atom. Transitions become denser at
lower frequency, corresponding to increasing n.

Moreover, each transition acts as a natural spectral filter, set by the natural lifetime of the state. Such lifetimes
tend to be between a few tens of nanoseconds for transitions at 10'* THz and several hundred microseconds in the
microwave regime, corresponding to effective filter bandwidths of roughly 10 MHz to less than 1 kHz.

To understand the sensitivity of such an atomic thermometer at frequency w, we divide U, (w) into two regimes:
the regime where hw/kpT < 1 and U, (w) x w?, and the regime where fw/kpT > 1 and U, (w) o< exp(—hw/kpT).
In the former regime, an interesting cancellation occurs: |(i|d|;)|> o« w=2 and U,(w) o w?, and thus ;5 is roughly
constant. Thus, in this regime, the atomic thermometer’s precision is independent of frequency or, alternatively, of
chosen internal transition. Indeed, Ref. [I0] calculates the anticipated sensitivity per atom in this regime, and found
it to be roughly independent of w;; and uw(T')/T ~ 2/ V/N, where N is the number of atoms probed in the experiment.
Measuring approximately 10° atoms would then yield a precision of u(T)/T ~ 1075 [10]. In the latter regime, the
situation is more complicated as the dependence of U, (w) transitions to exponential, while |(i|d|j)|* continues along
its w2 dependence. Nevertheless, the exponential dependence of U, (w) on T will ensure that the signal is exponential
in temperature.

The advantages of being a primary sensor, frequency selection, narrow spectral width, and good sensitivity are
counterbalanced by two disadvantages. First, measuring §2;; requires measuring the populations of the states in an
ensemble of atoms over time. Such a measurement can prove difficult, especially if the two states involved in the
transition of interest are both excited states. In this case, there are transitions to other states, particularly lower
states that complicate the dynamics. Here, a rate equation model, introduced in Sec. [[T} needs to be constructed to
capture the full behavior of the multi-level system. Additional uncertainties due to inaccurate parameters of the rate
equation model then become relevant.

Second, the accuracy of such a sensor is currently limited by atomic theory. While the frequencies w;; can be



independently measured with better than 1 part in 10® accuracy or better, the knowledge of atomic dipole matrix
elements | (i|d|j) |? is significantly less accurate. Again, taking the Rb atom as our example, some of the best known
transitions in the near IR (around 10 pm or shorter) have roughly 1 % uncertainty [11l [12]. For transitions in the
microwave regime, which correspond to transitions within the Rydberg manifold or, equivalently, transitions between
states with high principal quantum number n, the uncertainty can be less than 1 % [g].

In Sections and we examine two recently published examples of radiation thermometry [I3] [14] with special
emphasis on the rate equation model of Sec. [l These two thermometers both use Rb atoms, yet they probe vastly
different sections of the blackbody spectrum, as shown in Fig. Fluorescence ratio thermometry, discussed in
Section probes the blackbody spectrum at 12.2 ym (24.5 THz) by examining the 7S — 6D transition. Rydberg
state selective ionization thermometry, discussed in Section probes the blackbody spectrum at 2.3 mm (130 GHz)
by examining the 32S — 32P transition. Finally, we will conclude by discussing potential avenues for improvement
and previewing a couple possible other future measurements for quantum-based blackbody radiation thermometry.

II. THE RATE EQUATIONS

In general, we model the internal state populations n;, where i =1,2,--- | N, via a set of coupled rate equations,
ny Q=T Qua+T2 -+ Qv +Tn ni
9 | ne Qi Qo =Ty -+ Qon +Dno| |02 5
ol | S : | ¥
ny QN Qoy -+ —OQn—-Tn]| [nnN

where €2;; is given by ,
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is the fraction of the spontaneous decay from state ¢ that falls into state j, T'; = > ; Lij is the total spontaneous decay
rate of state ¢, and Q; = Zj ;; is the total stimulated rate of state i. Note that, by construction, the states are

energy ordered. While the matrix in does not depend on time, it does depend on temperature through the €;;. At
first glance, extracting T' from might appear hopeless, given the large number of populations that would have to
be measured (e.g. ny, na, -+, ny) and the large number of atomic physics parameters that must be determined either
theoretically or experimentally. However, can generally be greatly simplified and elements of it can be isolated by
choosing the measurement scheme carefully, as we shall see.

A. The ideal two level system
For the ideal two-level system, (3) greatly simplifies. In that case, we take Q215 = Q and T’y = 0 and I's = T and
find
O Im| _[-Q Q+T ] [m 5)
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This has the solution
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Note that in the limit that ¢ — oo,
S 0
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showing that the two states tend toward thermal equilibrium, as established by the Boltzmann distribution. This fact
was also realized by Einstein in his seminal paper [6].
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FIG. 2. (a) Relevant level diagram of *Rb for the cold atom thermometer (CAT) experiment. Atoms in the 5S; /» ground state
are pumped using a 780 nm laser into 5P3/, intermediate state and further excited using a 480 nm laser into the 325,/ state.
Blackbody radiation (BBR) then transfers some of the atoms into nearby P states, including 30P, 31P, and 32P. (b) Relative
population in various states as a function of BBR interaction time ¢ at 7' = 296 K. The theoretical curves are calculated by
a rate equation model , using decay rates from ARC [8]. (c, left panel) Ratio of the 32S+31P peak to the 32P peak R as
a function of blackbody interaction time. Data are shown as points, theoretical prediction with two fit parameters shown as
solid curves. (c, right panel) The atomic-determined temperatures (points) together with the contact thermometry determined
temperatures (horizontal lines with corresponding uncertainty bars). Figure adapted from Ref. [I3].

B. The potential of laser-cooled molecules

Molecules offer a large hierarchy of potential states, with rotational, vibrational, and electronic degrees of freedom.
In Ref. [I0], the authors proposed using the two lowest vibrational states (v = 0,1)in a laser-coolable molecule to
realize the two level system described above. In order to prevent population of v > 2 states, the authors proposed
using a combination of lasers and microwaves to effectively repump these states into the two-level system. Provided
that the pumping rates are fast compared to © and I, which are on the order of 1 s~!, the system can be effectively
closed into a two-level system. As a two level system, measurement of the exponential trend toward equilibrium, nq(t)
and na(t) and the equilibrium values, n1(t — 00) and ng(t — 00) can fully characterize the system, measuring both
T and |(ild];)[> [10].

Subsequently, the authors of Ref. [I5] measured the evolution of laser-cooled CaOH molecules under the influence of
BBR. Without the repumping scheme of Ref. [10], the molecules were allowed to evolve freely up the more complicated
vibrational levels of a linear, triatomic molecule. Through a rate equation model, the authors of Ref. [I5] extracted
key parameters of the molecule, including the dipole moment and the vacuum lifetime of the vibrational states. These
experimental values were compared to ab initio calculations and were found to be in good agreement. While not
a thermometer, Ref. [I5] shows the power of using a thermal blackbody environment together with a rate equation
model to extract key atomic and molecular parameters with good accuracy.

III. RYDBERG STATE SELECTIVE IONIZATION THERMOMETRY

We begin our discussion of atom- and state-transfer-based thermometry with the cold atom thermometer (CAT),
which was recently published in detail in Ref. [13]. Here, we present only the salient details. The CAT builds upon
early work on BBR-induced state transfer [IGHIS].

The relevant level structure is shown in Fig.[2h. Two linearly polarized lasers drive the 5S; /o(F' = 3) — 5P35(F" =
4) transition at 780.1242 nm and the 5P3/5(F" = 4) — 32S; /5 transition. (The hyperfine states in the excited 32S; /5
state are unresolved.) From there, blackbody radiation drives transitions to nearby P states, including 31P, 32P, etc.
Once these states have appreciable population, BBR can further drive transitions from P — S or P — D, and so
forth. However, the dominant transition in this process is between the initially populated 32S — 32P, a transition
driven by the 130.507 GHz component of the microwave BBR spectrum.

The states involved in this system are of high principal quantum number and are known as Rydberg states. Collisions
between atoms excited to the Rydberg state, heretofore referred to as Rydberg atoms, and ground-state atoms can
cause the nearly-free electron of the Rydberg atom to change state or be completely ionized [T9]. To suppress these



effects, we laser cool a 8°Rb cloud with approximately 2 x 10° atoms to temperatures of ~ 0.5 mK [I3]. (We note we
did not optimize our MOT for achieving the typical Doppler-limited temperature of roughly 150 uK.)

The additional complication of laser cooling makes the experiment step-wise. First, a cold atomic cloud is prepared
and held briefly in a three-dimensional magneto-optical trap. The cloud is then released by turning off the trap and
subsequently expands due to its non-zero temperature and falls under the influence of gravity. While falling, the two
lasers at 780 nm and 480 nm are pulsed using acoustic-optic modulators for roughly 3 us to pump roughly 5 x 103
atoms into the 32S; /5 state. This pumping process marks ¢ = 0. The atoms then evolve under the influence of
blackbody radiation for a time ¢.

We measure the population transfer between states using selective field ionization. In the process, an electric field is
ramped from zero volts to of the order of 80 kV/m in roughly 10 us. The electric field tilts the potential that binds the
electron to the nucleus, causing the electron to effectively spill out. At what field the electron spills out is dependent
on its initial state, and thus the timing of the ionization with respect to the electric field ramp yields information
regarding the electron’s initial state. Ionization peaks from closely spaced levels are not necessarily resolved. For this
reason, our experiment cannot distinguish the closely spaced 31P from 32S, but we can clearly distinguish the more
energy separated 32P and 33P from 32S. The procedure for identifying the ionization peaks can be found in Ref. [13].

For t > 0, the evolution again follows the rate equations (3)). To gain insight, let us consider a simplified version of
that contains just 32S and 32P,

9 Insas| _ [~Ta2s — Qaas,32p Q395,32P n32s )
Ot |n32p 395, 32P —I'320p — Q325 32p | |n32p |
The solution given nsag(t = 0) =1 and ngep(t =0) =0 is
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n3as(t) = 50 € Pt (e [Dgo5 — Tgop + ] — e -[I'305 — Daop — )) (10)
Q _
n3op(t) = 73;3?%’ T (7t — o701 (11)

with 200 = \/(AT/2)% 4 Q325 300, 4 = Qg28 30p+2, O = Q305 30p— ', AT = I5op—T'305, and I = (zop+T1305)/2.

Several features of the solution are immediately apparent. At short times, when Q ¢t < 1 and Q_ < 1, ng1p
Q305 31pt. Because (23925 31p is itself proportional to u,,, the initial rate of population growth of 31P is closely tied to
T. At long times, when Q¢ > 1 and Q305 32pt > 1, then the both ngag and ng1g tend toward the same exponential
behavior, with nsag, nsop o< e 1t. Physically, the fact that the two states decay at the average of the two rates is
related to the fact that the two states are in “equilibrium” with each other for 325 30pt > 1.

These features are immediately evident in the CAT data. Fig.[2b shows the evolution of the relative populations for
T =296 K. The population begins in 32S, and the population in that state and the nearby, unresolved 31P begin to
decay away nearly exponentially with time. (There is also some transfer into 31P, but that transfer cannot be easily
resolved from the large population in 32S.) The populations in 32P and 33P both peak around ¢ = 25 us, and then
they also transition to exponential decay at long times. The overall decay at long times is set by the lifetime of the
states in the Rydberg manifold. The temporal location and size of the peak are both related to T: as T increases,
the time of the peak decreases and the peak height increases.

A more efficient way of quantifying the evolution is to track the ratio of the peak area of 32S+31P to 32P, R. This
ratio is most sensitive to €13ag 30p Figure c) shows this ratio, which increases almost linearly with ¢. The slope of
the ratio with time, R, is proportional to 7', with dR/ dT ~ 27 K~'s~!. Three separate environmental temperatures
are shown in Fig. , ranging from 294 K to 336 K. The atomic temperatures from the slope R are shown together

TABLE I. Relative uncertainty contributions to 7" in the CAT. All uncertainites are k = 1. Adapted from Ref. [13]

source or/T
detector non-linearity 0.002
ion time-of-flight overlap 0.005
determination of t =0 0.002
31 detection signal artifacts 0.003
time-dependent gain calibration 1x107°
total, type B 0.006
total, type A™ 0.005

total 0.008
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FIG. 3. (a) Simplified level diagram for the CoBRAS. A laser at 359 nm excites atoms from the ground 5S state to the 7P,y
state. Atoms can then be further excited by blackbody radiation into states including the 8S or 6D (blue lines) or decay via
spontaneous emission to lower energy states including the 7S and 5D states (green lines). Fluorescence from 6D, 7S, and 5D
to 5P3/, (red arrows) is monitored by PMTs with the appropriate filter wavelengths indicated. (b, top) The ratio of PMT
signals recorded with the 630 nm filter to the 740 nm filter vs. temperature. Blue points indicate the data; solid black curve
the thoeretical prediction with one fitted parameter. Gray shaded region indicates the uncertainty in the theory due to atomic
physics parameters. (b, bottom) fractional residual of between the data and prediction. Blue band shows the mean and root-
mean-squared uncertainty. (c¢) The ratio of PMT signals recorded with the 762 nm filter to the 740 nm filter (top) and the
fractional residuals between the data and prediction (bottom) vs. temperature. Same symbols as is (b). Figure adapted from
Ref. [14].

with the expected BBR temperatures, the latter determined by contact thermometers that measure the temperature
of the walls of the vacuum chamber establish BBR environment at the location of the atoms. Agreement is observed,
verifying the accuracy of the CAT.

Tablemshows the uncertainty budget for the CAT, which assumes no uncertainty in {2325 3op. There are systematic
effects due to the non-linearity of the avalanche-based ion detector, overlap of the 32P and 32S+431P peaks in the
ion time-of-flight signal due to insufficient bandwidth, determination of ¢ = 0 given the non-zero amount of time
required to pump the atoms into 32S, and other signal artifacts. The three largest systematics may be improved by
switching detectors: rather than using avalanche detectors, using Faraday cups with charge sensitive amplifers should
offer sufficient dynamic range, linearity, and bandwidth to improve these systematics. Improved optical pumping
and faster selective field ionization ramps could further improve determination of £ = 0. It is not inconceivable that
with these few minor improvements the total type A uncertainty could drop below 0.1 %. At this level, it would be
comparable to other blackbody sources and radiometers operating in the microwave regime. Crucially, it will also be
at the limits of the accuracy of atomic theory calculations. We shall postpone that discussion for the conclusion.

IV. COBRAS: FLUORESCENCE RATIO THERMOMETRY

To probe BBR at a wavelength closer to that at which the blackbody spectrum has its peak requires probing states
at lower principal quantum number. In this section, we shall discuss the compact blackbody radiation atomic sensor
(CoBRAS), which probes Q7p_6p.

Figure 3(a) shows the relevant energy diagram. A 359 nm laser drives atoms from the 5S; /, ground state of 85Rb to
the 7P3/, excited state. From there, atoms can be pumped into the 6D state by 12.2 ym (24.5 THz) BBR radiation.
Alternatively, the atoms can spontaneously decay to either the 7S or the 5D states, among others. Once in a high-lying
S or D state, the atoms will then further spontaneously decay, possibly to the 5P3/ state. When decaying to 5P3 /5
from 7S, 5D, or 6D states, the atoms emit 741 nm, 762 nm, and 630 nm photons, respectively. CoBRAS detects these
fluorescence photons and uses ratios of their relative intensity to determine the temperature.

Thus, the CoBRAS is quite similar to other luminesence thermometry techniques [20, 21]. In particular, it bears
resemblance to fluorescence ratio luminesence thermometry (FRLT) [21H24], which uses rare-earth ions embedded into
a solid. Because of the complicated nature of both the rare earth ions and the solid matrix, it appears unlikely that
FRLT will be calculable from first principles. Moreover, because the ions are doped into a solid, it is not necessarily
clear that all sample realizations will be identical as they are for free atoms.

Experimentally, the 359 nm laser beam passes through the long axis of a cylindrical, quartz vapour cell containing
85Rb atoms. Quartz is absorptive at 12.2 um, and thus the 12.2 ym BBR inside the cell should be in thermal



equilibrium with the cell walls. In this case, the atoms measure the average temperature of the walls of the vapour
cell. Two photon-counting photomultiplier tubes (PMTs) collect the fluorescence from the curved sides of the vapour
cell. Filter wheels installed between the PMTs and the vapour cell contain filters that individually isolate the 630 nm,
741 nm, and 762 nm fluorescence. The signal recorded by the PMTs with a filter chosen to detect wavelength of
interest, A;;, between state ¢ and j given the laser exciting state k is then given by

where, N is the total number of atoms, and 7,,; is the total detection efficiency at wavelength A;;. The signal is
measured in steady-state, such that n; = 0.

For insight into the values of n;, let us consider just the 5S, 5P, 5D, 7P, and 6D states and ignore degeneracy, fine
structure, and hyperfine structure. We find the steady-state populations of this simplified CoBRAS system by solving
with the left-hand side set to zero:

0 —Qr +Isp I'sp =I'spsp I'7p = Topsp + Q. T'ep — L'epsp nss
0 0 —-Isp +Ispsp 0 Tep,sp nsp
0= 0 0 —I'sp +I'7p 5D 0 nsp | (13)
0 Qr 0 0 —I'7p — QL — Q7p 6D Q7p.6D n7p
0 0 0 0 Q7p.6D —I'ep — Q7p6p] [M6D

where €, is the laser-induced pumping rate from the 5S to the 7P. Because there are possible decay channels for an
atom excited to the 5D and 6D states that do not go through 5P, we approximate these total rates as the differences
—I'sp +I'sp,sp and —I'sp + I'sp sp, respectively. The solutions for nsp and nep yield

nep _ I'sp€27p,6D (14)
nsp I'7psp(Tep + Qrpep)
which is independent of 1, the laser pumping rate. If we further form the ratio
7P
PP Se(s:so) _ 7630 Tep 5P I'spQ7p 6D (15)
630,762 S%g) n762 Tsp,5p T7p 50 (Lep + Q7pen)

we observe that it is independent of both 21, and the number of atoms N. Experimentally, this cancellation is quite
useful as it effectively mitigates two common noise sources: laser intensity fluctuations and changes in the atom
number. Temperature dependence enters through €7p ¢p, and because Q7pep K I'ep for T ~ 300 K, re30,762
Uw(UJ7p’6D ~ 21 X 246THZ)

While most parameters in are determined by the atomic physics, there is one parameter that is not: 730 /7762-
One could determine this ratio of detection efficiencies 7g30/n762 by exciting to a higher-lying state like 8P, which
would then spontaneously decay to both 5D and 6D. In this case, our simplified rate equations become

0 -1, +I'sp I'sb —I'spsp I'ep —'spp.sp I'sp —I'spep — I'spsp + Q1L | | s
0 0 —-Tsp +I'spsp +I6p 5P 0 nsp
0)=1( 0 0 —I'sp 0 T'spsp nsp | (16)
0 0 0 0 —T'sp T'sp,6D ngD
0 Qr 0 0 0 —I'sp — Qp, ngp

The corresponding ratio

SBP) Sé?,lg) _ MNe3o I'sép,sp I'spep I'sp (17)
630,762 S%g) n762 Tspsp Tep T'spsp

is independent of T'. Thus, can be used to solve for 7630/7762 in terms of a measured quantity, T((s?sfo),)mz’ and several
atomic physics parameters. This independent measurement of 7g30/7762 would allow measurement of temperature
through to be a primary temperature measurement, as it would not be traceable to a measurement of like kind.
However, this requires one additional laser.

Instead, we chose to determine 7g30/m762 by calibration, i.e., fitting to a known temperature. Figure b) shows the
measured ratio rg30,740. We compute an expected ratio similar to , except we include all states with energy below



8S in the rate equation model, and account for fine structure and the degeneracy due to hyperfine structure. The one
unknown parameter, 1g30,/M762, is extracted from a fit to the data where T' > 300 K. Temperature is measured using
three industrial PRT's positioned inside a thermally insulating box of polystyrene foam that envelopes the vapour cell.
Temperature inside the box is stabilized and varied using a thermo-electric (Peltier) element.

The data and theoretical prediction follow each other quite closely for T' > 300 K with the single tunable fit
parameter of 730 /7762. For temperatures T' < 300 K, the Peltier element was run in cooling mode and this appears to
have caused one or more potential problems including changing the thermal gradients inside the box and introducing
water vapour condensation. The root-mean-squared residuals are < 0.04 % for T > 300 K, corresponding to a
temperature uncertainty of w(7) ~ 0.13 K. This precision is the result of only 34 s of averaging, corresponding to
approximately 0.75 K/v/Hz.

Here, the accuracy is set by the accuracy of the calibration itself~how well are the thermometers and thermal
gradients known inside the box and at the surface of the cell-rather than the atomic physics parameters. This
perhaps surprising result is due to the fact that the shape of the theoretical prediction is not determined by the dipole
matrix elements but by U, (w).

We also examined a temperature-independent ratio to check for systematics. In particular, the ratio r%ﬁ}w results
entirely from spontaneous emission. (The simplified rate equation model is identical to with the replacements
8P — 7P and 6DS — 7S.) Experimentally, as shown in Fig. 3] this ratio is temperature independent. In a deployed
CoBRAS, this ratio is potentially useful to measure potential systematic drifts in detection efficiencies.

In a potentially primary measurement, the theoretical prediction would be limited by the atomic physics parameters.
Fig. b-c) also shows the potential range of values due to the uncertainty in the atomic dipole matrix elements, which

is about 1 % for 130,740 and 10 % for 7760.740. These ranges give a sense for the expected uncertainty of such a primary
CoBRAS thermometer.

V. CONCLUSION

Here, we have discussed the idea of building a thermometer based on the blackbody-induced transition rate, €2;;,
between two internal quantum states of an atom or molecule ¢ and j. Presented in , ;; contains only fundamental
constants and immutable constants of atomic and molecular physics, thus opening up the prospects for building a
primary thermometer, in that it is not traceable to measurement of like kind. Experimentally, measurement of €2;;
requires measurement of some internal dynamics of an atomic or molecular system. These full dynamics are only
captured within a system of rate equations, introduced in Sec. E[, of which €2;; is only a part.

We further discussed two experiments that attempted to use {2;; as a thermometer: the cold atom thermometer
(CAT), presented in Sec. and the compact blackbody radiation atomic sensor (CoBRAS), presented in Sec. The
CAT uses laser-cooled °Rb Rydberg atoms to probe the BBR component at 130 GHz (2.3 mm). This experiment
measures ratiometrically the relative populations in the initially excited 32S state to the subsequently blackbody-
radiation populated 32P state, and extracts, through ab initio atomic theory, the temperature 7. This primary
measurement is currently accurate at about 1 % level, and further improvements could make it competitive with
other techniques at the 0.1 % level. On the other hand, the CoBRAS uses a warm 3°Rb vapour to probe the BBR
component at 12.2 pm (24.5 THz). This measurement uses fluorescence ratios from spontaeous decays of the BBR
populated, and thus temperature-dependent, 6D state to the spontaneous-emission populated, and thus temperature-
independent, 7S state. While currently requiring calibration of one unknown experimental parameter, the ratio of
two detection efficiencies, it has a statistical precision of «(T) & 0.13 K with only 34 s of averaging.

Both the CAT and the CoBRAS have already begun to reach the limitations of atomic theory. Thus, a natural
question arises: do the atoms measure temperature, or does accurate knowledge of the thermal environment now
allow for better measurement of atomic properties. Indeed, BBR represents one of the most accurately known sources
of electromagnetic radiation, which is why it is used ubiquitously in radiometry for calibration. The total relative
uncertainty of BBR can be < 1074, limited by knowledge of the emissivity and temperature. This is two orders
of magnitude better than typical knowledge of |(i|d|;)|°. Thus, it would appear that we are poised to dramatically
increase our knowledge of atomic physics parameters using BBR.

While that might seem antithetical to the goal of creating an atom- or molecule-based radiation thermometer, such
a thermometer would still have the advantage immutability properties. Specifically, although the accepted values of
|(i|d|j)]* will be traceable to the kelvin and therefore not strictly primary, the constancy of this value will still allow
for calibration-free radiation thermometers. Such thermometers might be dubbed “semi-primary.” Considering that
radiometer drift is a large problem in remote sensing and other applications, such a constant, stable, semi-primary
thermometer would still represent a great advantage.



ACKNOWLEDGMENTS

We thank Eric Shirley and Sai Paladugu for useful discussions and Daniel Barker and Dixith Manchaiah for a
thorough reading of the manuscript. This work was supported by the National Institute of Standards and Technology.

Data presented within the text has been previously published in Refs. [I3] [14]. The authors declare no competing
interests.

[1] Ludlow AD, Boyd MM, Ye J, Peik E, Schmidt P. 2015 Optical atomic clocks. Reviews of Modern Physics 87, 637-701.
(10.1103/RevModPhys.87.637)

[2] Kitching J. 2018 Chip-scale atomic devices. Applied Physics Reviews 5, 031302. (10.1063/1.5026238))

[3] Schlossberger N, Prajapati N, Berweger S, Rotunno AP, Artusio-Glimpse AB, Simons MT, Sheikh AA, Norrgard EB, Eckel
SP, Holloway CL. 2024 Rydberg states of alkali atoms in atomic vapour as Sl-traceable field probes and communications
receivers. Nature Reviews Physics 6, 606-620. (10.1038/s42254-024-00756-7)

[4] Barker DS, Acharya BP, Fedchak JA, Klimov NN, Norrgard EB, Scherschligt J, Tiesinga E, Eckel SP. 2022 Precise quantum
measurement of vacuum with cold atoms. Review of Scientific Instruments 93, 121101. (10.1063/5.0120500))

[5] Cronin AD, Schmiedmayer J, Pritchard DE. 2009 Optics and interferometry with atoms and molecules. Reviews of Modern
Physics 81, 1051-1129. (10.1103/RevModPhys.81.1051)

[6] Einstein A. 1916 Strahlungs-Emission und Absorption nach der Quantentheorie. Deutsche Physikalische Gesellschaft 18,
318-323.

[7] Hilborn RC. 1982 Einstein coefficients, cross sections, f values, dipole moments, and all that. American Journal of Physics
50, 982-986. (10.1119/1.12937)

[8] Sibali¢ N, Pritchard J, Adams C, Weatherill K. 2017 ARC: An open-source library for calculating properties of alkali
Rydberg atoms. Computer Physics Communications 220, 319-331. (10.1016/j.cpc.2017.06.015)

[9] Kramida A, Ralchenko Y, Reader J, Team NA. 2024 NIST Atomic Spectra Database.
(https://dx.doi.org/10.18434/T4W 30F)

[10] Norrgard EB, Eckel SP, Holloway CL, Shirley EL. 2021 Quantum blackbody thermometry. New J. Phys. 23, 033037.
Publisher: IOP Publishing (10.1088/1367-2630/abe8f5)

[11] Safronova MS, Safronova UI. 2011 Critically evaluated theoretical energies, lifetimes, hyperfine constants, and multipole
polarizabilities in Rb 87. Physical Review A 83, 052508. (10.1103/PhysRevA.83.052508)

[12] Barakhshan P, Bhosale A, Kiruga A, Eigenmann R, Safronova MS, Arora B. 2022 A Portal for High-Precision Atomic
Data and Computation: Design and Best Practices. arXiv:2212.10665 [physics] (10.48550/arXiv.2212.10665)

[13] Schlossberger N, Rotunno AP, Eckel SP, Norrgard EB, Manchaiah D, Prajapati N, Artusio-Glimpse AB, Berweger S,
Simons MT, Shylla D, Watterson WJ, Patrick C, Meraki A, Talashila R, Younes A, La Mantia DS, Holloway CL. 2025
Primary quantum thermometry of mm-wave blackbody radiation via induced state transfer in Rydberg states of cold
atoms. Physical Review Research 7, 1L.012020. (10.1103/PhysRevResearch.7.L012020)

[14] Mantia DSL, Lei M, Prajapati N, Schlossberger N, Simons MT, Holloway CL, Scherschligt J, Eckel SP, Norrgard EB. 2024
Compact Blackbody Radiation Atomic Sensor: Measuring Temperature using Optically Excited Atoms in Vapor Cells.
arXiv:2411.13426 [physics| (10.48550/arXiv.2411.13426)

[15] Vilas NB, Hallas C, Anderegg L, Robichaud P, Zhang C, Dawley S, Cheng L, Doyle JM. 2023 Blackbody thermalization and
vibrational lifetimes of trapped polyatomic molecules. Physical Review A 107, 062802. (10.1103/PhysRevA.107.062802)

[16] Gallagher TF, Cooke WE. 1979 Interactions of Blackbody Radiation with Atoms. Physical Review Letters 42, 835-839.
(10.1103/PhysRevLett.42.835)

[17] Hildebrandt GF, Beiting EJ, Higgs C, Hatton GJ, Smith KA, Dunning FB, Stebbings RF. 1981 Interaction of blackbody
radiation with xenon Rydberg atoms. Physical Review A 23, 2978-2982. (10.1103/PhysRevA.23.2978)

[18] Galvez EJ, Lewis JR, Chaudhuri B, Rasweiler JJ, Latvakoski H, De Zela F, Massoni E, Castillo H. 1995 Multistep tran-
sitions between Rydberg states of Na induced by blackbody radiation. Physical Review A 51, 4010-4017. (10.1103/Phys-
RevA.51.4010)

[19] Gallagher TF. 1994 Rydberg Atoms. Cambridge Monographs on Atomic, Molecular and Chemical Physics. Cambridge:
Cambridge University Press.

[20] Dramiéanin MD. 2020 Trends in luminescence thermometry. Journal of Applied Physics 128, 040902. (10.1063/5.0014825)

[21] Wang Q, Liao M, Lin Q, Xiong M, Mu Z, Wu F. 2021 A review on fluorescence intensity ratio thermometer based on
rare-earth and transition metal ions doped inorganic luminescent materials. Journal of Alloys and Compounds 850, 156744.
(10.1016/;.jallcom.2020.156744)

[22] Han Q, Hao H, Yang J, Sun Z, Sun J, Song Y, Wang Y, Zhang X. 2019 Optical temperature sensing based on thermal,
non-thermal coupled levels and tunable luminescent emission colors of Er3+/Tm3+/Yb3+ tri-doped Y7O6F9 phosphor.
Journal of Alloys and Compounds 786, 770-778. (https://doi.org/10.1016/j.jallcom.2019.02.047)

[23] Jia M, Sun Z, Xu H, Jin X, Lv Z, Sheng T, Fu Z. 2020 An ultrasensitive luminescent nanothermometer in the first
biological window based on phonon-assisted thermal enhancing and thermal quenching. J. Mater. Chem. C 8, 15603—
15608. (10.1039/D0TC04082G))

[24] Li L, Hao H. 2021 Florescence Intensity Ratio Thermometer in the First Biological Window Based on Non-Thermally


http://dx.doi.org/10.1103/RevModPhys.87.637
http://dx.doi.org/10.1063/1.5026238
http://dx.doi.org/10.1038/s42254-024-00756-7
http://dx.doi.org/10.1063/5.0120500
http://dx.doi.org/10.1103/RevModPhys.81.1051
http://dx.doi.org/10.1119/1.12937
http://dx.doi.org/10.1016/j.cpc.2017.06.015
http://dx.doi.org/https://dx.doi.org/10.18434/T4W30F
http://dx.doi.org/10.1088/1367-2630/abe8f5
http://dx.doi.org/10.1103/PhysRevA.83.052508
http://dx.doi.org/10.48550/arXiv.2212.10665
http://dx.doi.org/10.1103/PhysRevResearch.7.L012020
http://dx.doi.org/10.48550/arXiv.2411.13426
http://dx.doi.org/10.1103/PhysRevA.107.062802
http://dx.doi.org/10.1103/PhysRevLett.42.835
http://dx.doi.org/10.1103/PhysRevA.23.2978
http://dx.doi.org/10.1103/PhysRevA.51.4010
http://dx.doi.org/10.1103/PhysRevA.51.4010
http://dx.doi.org/10.1063/5.0014825
http://dx.doi.org/10.1016/j.jallcom.2020.156744
http://dx.doi.org/https://doi.org/10.1016/j.jallcom.2019.02.047
http://dx.doi.org/10.1039/D0TC04082G

Coupled Energy Levels of Tm3+ and Ho3+ Ions. Frontiers in Materials 8. (10.3389/fmats.2021.767812)

10


http://dx.doi.org/10.3389/fmats.2021.767812

	Atomic and molecular systems for radiation thermometry
	Abstract
	Introduction
	The rate equations
	The ideal two level system
	The potential of laser-cooled molecules

	Rydberg state selective ionization thermometry
	CoBRAS: Fluorescence ratio thermometry
	Conclusion
	Acknowledgments
	References


