Room Temperature Atomic Frequency Comb Memory for Light
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We demonstrate coherent storage and retrieval of pulsed light using the atomic frequency comb
quantum memory protocol in a room temperature alkali vapour. We utilise velocity-selective optical
pumping to prepare multiple velocity classes in the F' = 4 hyperfine ground state of caesium. The
frequency spacing of the classes is chosen to coincide with the F’ = 4 — F’ = 5 hyperfine splitting
of the 6%P; /2 excited state resulting in a broadband periodic absorbing structure consisting of two
usually Doppler-broadened optical transitions. Weak coherent states of duration 2ns are mapped
into this atomic frequency comb with pre-programmed recall times of 8 ns and 12ns, with multi-
temporal mode storage and recall demonstrated. Utilising two transitions in the comb leads to an
additional interference effect upon rephasing that enhances the recall efficiency.

The atomic frequency comb (AFC) protocol [1] is
one of the most successful quantum memory schemes
to date, with numerous world-leading demonstrations
[2, 3]. The scheme involves a pulse of light of dura-
tion 7, to be coherently and collectively mapped into
an ensemble of two-level atoms, where the atoms have
been arranged into a series of M absorbing peaks peri-
odically spaced with a frequency separation of A and
width ~. A collective coherence is established between
the ground state |g) and excited state |e) of the form
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total number of atoms, Ep is the input photon wave vec-
tor, Z; is the j*" atom position and d; is the detuning of
the j*" atom with respect to the input frequency field.
This collective state rapidly dephases as each term in the
sum accumulates a phase €’ . In the case where v < A,
the detuning can be approximated as d; ~ m;A, where
m; are integers with the total number of m; being the
number of absorbing peaks M. This results in a reph-
asing of the collective state at a time 7 = 27/A with a
corresponding coherent photon-echo-type re-emission of
the light in the forward direction [1]. A key strength
of the AFC protocol is that its modal capacity can be
made arbitrarily large simply by adding more teeth M
to the comb with no dependence on the optical depth
[1, 4]. Multimodality is a key functionality for a quantum
memory to enable speedups in entanglement generation
by several orders of magnitude [5].

Many quantum optics experiments have been imple-
mented using the AFC protocol, including but not lim-
ited to: storage of qubits encoded in polarisation [6-8],
time-bin [9] and orbital angular momentum [10]; stor-
age of single photons from parametric down conversion
sources [8, 11-13] and quantum dot sources [14]; stor-
age of photonic entanglement [15] and hyper-entangled
states [16]; generation of photonic entanglement [17, 18].
Large multimode capacity has been also been demon-
strated [19, 20]. Other applications include the optical

detection of ultrasound [21].

So far, these impressive experiments have exclusively
utilised cryogenically-cooled rare-earth-ion-doped solids.
The holeburning properties of this platform allow to pre-
pare the crystal-field-induced inhomogeneous line in into
a series of absorbing peaks. The long-lived ground states
ensure ample time to prepare the relevant populations, as
well as to perform the storage and retrieval. In this pa-
per, we show the first demonstration of the AFC protocol
implemented on a room temperature alkali vapour plat-
form. The optical transitions are Doppler broadened; an
atoms perceived resonant frequency is shifted according
to its velocity. We perform velocity-selective pumping on
the Doppler-broadened caesium D2 line to create atomic
frequency combs which we utilise to store weak coher-
ent states of light with a duration of 2ns for times up
to 12ns. We unequivocally demonstrate multimodality
with storage of two temporal time-bin modes.

In our approach we utilise a room temperature cae-
sium vapour. The well known D lines have relatively
large transition dipole moments (~ 10729 Cm) allowing
for strong light-matter coupling. Together with the relat-
ively high vapour pressure of Caesium results in optical
depths on the order of OD = 1 at room temperature,
and it is straightforward to heat a Caesium cell to achieve
OD ~ 1000 [22]. The simplicity in achieving high optical
depth has driven successful quantum memory demon-
strations using the electromagnetically induced trans-
parency protocol [23, 24], gradient echo memory [25]
and off-resonant Raman protocols [26, 27]. A general
characteristic of atoms in the vapour state is the inher-
ent Doppler effect modifying the perceived optical trans-
ition frequency of an atom depending on its velocity —
wo (1 £ v/c) — where wy is the transition frequency at rest
and v(c) is the velocity of the atom (light). For an en-
semble of atoms in a cell, the velocities will be distributed
according to a Maxwell-Boltzmann distribution, and the
optical transition is broadened with a Doppler width of



Energy Levels Pump Modes Pump Sequence

2
Q O Prep. VSP Probe
Q@Q‘O 100ns
“ to 100ns
ips
to t1 t2
ims
\\’LF 4 = Populations
& po3 1.2GHz — :
t1 /\
F=4
t
A ’
& 9.2GHz /V\
F=3 Y Frequency
Figure 1. Velocity-selective pumping principle. Left: We

show the caesium hyperfine levels for the 6S;,> ground and
6P1/2, 6P3/2 excited states together with the correspond-
ing pump modes. The ‘Prep.” mode initialises the F' = 4
ground state via the 6P3,; excited state. The ‘VSP’ (velocity-
selective pump) mode prepares the velocity selected popula-
tion via the 6P/, excited state. Finally, the ‘Probe’ mode
either probes the spectral or temporal response of the pre-
pared feature via the 6P3,, excited state. Right: We indicate
the timescales associated with the pump sequence as well as
a qualitative indication of the ground state population velo-
city distribution. to represents the initial umpumped ground
states. Then we apply the ‘Prep.” mode until a time ¢; to ini-
tialise the F' = 4 ground state and pump all population into
the F' = 3. The velocity-selective pump ‘VSP’ mode is then
applied until a time of t2 to transfer only a narrow section of
the velocity distribution back from the F' = 3 state into the
F = 4 state.

about 1 GHz at room temperature [28], far exceeding that
of the natural linewidth of the atoms ~ 27 x 5.2 MHz.
If one maps a broadband pulse into an atomic coherence
on the inhomogeneously Doppler broadened line, the col-
lective atomic state will dephase much quickly, i.e. at a
rate of Akv, than that of the natural decay time, where
Ak represents the spread of k vectors associated with the
mapping.

The atomic frequency comb overcomes this inhomo-
genous broadening. The key is to prepare the broadened
line into a series of periodic peaks - this is achieved in
an atomic vapour using velocity-selective optical pump-
ing. This technique has been employed in alkali va-
pours for applications in high-resolution spectroscopy
[29-32], narrowband atomic-line frequency filters [33],
and steep atomic dispersion engineering [34]. Velocity-
selective optical pumping addresses only a narrow part
of the Doppler-broadened line, or in other words, a par-
ticular velocity class. Different classes can be addressed
depending on the centre frequency of the pump laser,

for example, the class associated with the atoms with
velocity vector perpendicular to the direction of the op-
tical mode such that Akv = 0 corresponds to the ’zero-
velocity’ class. The width of a class is determined by that
of the pump, the limit being the natural linewidth. If the
pumping light consists of several narrowband frequency
modes, then several velocity classes will be addressed and
an atomic frequency comb can be prepared. An altern-
ate approach involving the mapping of an optical fre-
quency comb from an ultrafast mode-locked laser to the
Doppler-broadened line has been used to create atomic
frequency comb structures [30] with a spacing given by
the repetition-rate of the laser. We note that our ap-
proach to prepare the AFC is more flexible in the choice
of tooth spacing.

Figure 1 shows the pumping sequence. With a paraffin-
coated caesium cell of length 25 mm and diameter 10 mm,
we begin by completely optically pumping the F' = 4
hyperfine ground state using a laser of power around
20mW, duration 248 us and waist 2.7mm that is res-
onant with the caesium D2 transition (Sacher Lasertech-
nik). The coating plays a key roll, allowing for thousands
of cell wall collisions which shuffle the atomic velocity
distribution without depolarising the spin [35, 36]. Com-
bined with the high pump power enacting power broaden-
ing, this ensures efficient pumping of the entire Doppler-
broadened line. We then use a narrowband (~ MHz)
laser with waist size 1.9mm that is resonant with the
caesium D1 line (Toptica DFB). We use this transition
as the excited state hyperfine splitting is resolved bey-
ond the Doppler (in contrast to the D2) ensuring that
a single velocity class from a single transition, in this
case the F' = 3 to I’ = 4, is addressed. By modulating
laser via the bias-T input with particular RF frequencies
(Agilent RF signal generator) we can impart frequency
sidebands on the spectrum of the laser resulting in two
additional narrowband frequency modes per modulation
RF, thereby enabling multiple velocity classes to be ad-
dressed with the pump. Population from these velocity
classes are then pumped back into the F' = 4 hyperfine
ground state with a separation A = wyoq. We adjust the
duration of this velocity-selective pump to be faster than
the atom transfer time across the spatial mode, and so is
between 100ns and 1 us.

We probe the resulting structure using a laser on the
D2 line (Toptica DL Pro). This probe mode, of waist
998 pm, is spatially much smaller than the pump mode
size ensuring a uniform probing of the optical pumping.
The probe power is kept much below the saturation in-
tensity and has a time window of around 100 ns to ensure
the probe mode does not induce pumping. We have the
probe laser scanning in frequency at a rate of about 5 Hz
and asynchronous to the pumping sequence. This en-
sures that at each probe time has a different frequency
and thus probes a a different part of the spectrum.We
piece together over 50 scans to for the final spectrum.
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Figure 2. Velocity selective optical pumping. A single velocity
class is pumped back into the F' = 4 hyperfine ground state of
a caesium vapour. The zero of the frequency axis represents
the ' = 4 to F' = 5 transition. The unpumped case is
included for comparison. A fit is made to the features giving
a width of about 45 MHz.

All three modes are time gated using acousto-optic mod-
ulators (AOMs). The polarisation of the probe mode is
vertical and orthogonal to that of the pump modes and is
counter-propagating to those modes. More experimental
details are included in the supplemental information.

Figure 2 shows an example of preparing a single ve-
locity class in the F' = 4 ground state. The velocity-
selective pump power and time are 0.86 mW and 1.2 us
respectively. We see three distinct peaks in the spectrum,
corresponding to the three allowed transitions between
the ground and excited states associated with the nar-
row velocity class. The width of the velocity class is
extracted to be 45, MHz. The dependence of the width
on pump time and power is assessed in another public-
ation [37]. Figure 3 shows the atomic frequency comb
structure. With an excited state hyperfine splitting of
251 MHz between the F/ = 4 and I’ = 5, we chose
a comb spacing of A = 125.5MHz and A = 83.7 MHz
which is the splitting divided by 2 and 3 respectively. The
former involves modulating the velocity-selective pump
laser with a frequency 125.5 MHz, while the latter has
two modulation frequencies at 83.7 MHz and 167.4 MHz.
This allows us to build a larger spanning comb based on
the two transitions from the F' = 4 ground state to both
the F/ = 4 and F/ = 5, resulting in combs that have
an acceptance bandwidth of around 0.6 GHz. We note
that this memory is therefore suitable for single photons
emitted by semiconductor quantum dot sources [23]. The
velocity-selective pump power and time are optimised for
each case, with the peak optical depth at about OD =1
with the comb shape roughly taking that of the initial
Doppler-broadened ensemble.

Having probed the spectrum of the velocity-selective
pumped ensemble, we now probe the temporal response.
An input signal pulse is carved from the CW Toptica
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Figure 3. Atomic frequency comb spectra prepared in the
F = 4 hyperfine ground state of caesium. The left panel
shows the spectrum for a tooth spacing of A = 125.5 MHz
while the right panel shows the case for A = 83.7 MHz. The
unpumped F' = 4 hyperfine ground state is also shown in both
panels. The peaks that constitute the AFC are highlighted,
indicating a bandwidth of around 0.6 GHz in both cases. We
note that for the right panel, two modulation frequencies are
driving the pumping diode laser current in order to prepare
this comb. More details are included in the supplemental
information.

DL Pro laser using a fibre-integrated electro-optic in-
terferometer driven by RF signals from two Tektronix
arbitrary waveform generators [27]. We prepare pulses
of 2ns duration with an approximate Gaussian shape to
be sent to the atomic frequency comb, and the intens-
ity is reduced to a few thousands of photons per pulse
at the cell with neutral density filters. We use single
photon avalanche modules behind a double-pass AOM
to time gate only the input pulses as well as neutral
density filters to protect the detectors from preparation
light leakage. Figure 4(a) shows the time traces. For
the A = 125.5 MHz (A = 83.7MHz) AFC we observe an
AFC echo at the expected 7.97ns (11.95ns) and an effi-
ciency of narc = (9.3£0.6)% (narc = (3.4£0.3)%). The
efficiency is measured by taking the area of the echo and
comparing this to the area of the input pulse when no
velocity-selective pumping has been applied. To demon-
strate the multimode capability of the AFC, we prepare
two input temporal modes of width 2 ns and separated by
6 ns, and clearly observe two rephased time-bin modes on
the output at a storage time of 11.95 ns as seen in figure
4(b). We note that the efficiency is consistent with the
single temporal mode case. These results constitute what
we believe to be the first implementation of an atomic
frequency comb optical memory in warm atomic vapour.

An expression for the AFC efficiency can be derived
as in [1] assuming Gaussian shaped peaks of equal ab-
sorption d on top of a flat absorbing background dy:
narc = (d/F)? exp|—d/F) exp[—7/F?) exp|—dp] where F
is the finesse of the comb given as A/vy. As the trans-
mitted and echo signals both propagate the same loss
exp[—dp], forming the ratio of the transmitted pulse to
the AFC echo divides out this term and an estimate of
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Figure 4. (a) AFC storage in an atomic vapour. Two cases
are shown for the two combs used in the previous figure. A
clear AFC echo is seen at a storage time of 7.97ns (11.95ns)
for the A = 125.5MHz (A = 83.7 MHz) comb. To assess the
efficiency, a 5ns integration window is used, centred on the
relevant temporal mode. (b) Temporal multimode storage.
Two temporal modes of duration 2ns and separation 6 ns are
stored in the vapour AFC for a duration of 11.95 ns.

the d can be made for a given F'. A subsequent estim-
ate of the loss term can then be made. With a tooth
width of around 45 MHz leading to a finesse of around
F = 1.9 for the 11.95ns AFC, the inferred optical depths
are d = 2 and dy = 0.4. These values are clearly in-
consistent with those seen from the measured spectrum
(see fig. 3(b)), which are around d = 0.55 and dy = 0.2,
resulting in a predicted efficiency of around 0.70% (cf.
the measured 3.4%). A similar level of discrepancy is
seen for the 7.97 ns echo. An explanation that is consist-
ent with this observation is as follows. The AFC here is
formed three narrow velocity distributions in the ground
state which results in nine absorption peaks due to the
three hyperfine excited state transitions, where in some
instances the peaks are overlapping. Therefore, we have
three individual atomic frequency combs, one for each
transition involved. In the case where the electric fields
emitted from these individual combs are in phase they
will constructively interfere leading to a 4-fold increase
in the detected intensity.

We now consider the limitations of our demonstra-
tion. The caesium D2 line has an excited state lifetime
of Ty = 30.4ns [38] representing the ultimate limit on
the storage time and the minimum comb tooth spacing
A. Furthermore, two excited state hyperfine transitions
were utilised here thereby placing additional restrictions
(integer divisions of the hyperfine splitting between the
F' =4 and F’ = 5 excited states). However, one could
operate on the D1 line where the excited-state hyper-
fine structure is resolved and an arbitrary A could be
implemented. The minimal tooth width v we could pre-
pare was 45 MHz limited by our pumping laser linewidth,
pump pulse duration, and power broadening [37] which

places a restriction on the minimum A, while the Doppler
broadening, on the order of 1 GHz, places a restriction on
the maximum A. So, there is a trade off between operat-
ing with a large A to have an AFC rephasing time short
with respect to the 77, and operating with a small A
to have enough comb teeth to enable a high multimode
capacity [1].

The peak optical depth here was around OD = 1 and
a major benefit of our warm vapour platform is that high
optical depth is straightforward to achieve [26] leading to
higher light-matter coupling and higher AFC efficiency.
An optimised approach to preparing the comb structure
could be implemented, for example, adding more pump-
ing modes resonant with the comb in order to ‘clean’ the
absorbing background [9] thereby increasing the contrast
of the comb leading to higher AFC efficiencies. Further,
the memory could be placed in a cavity [39] and operated
in an impedance-matched fashion which can achieve high
AFC efficiency [40].

To extend the storage time, one could map the atomic
excitation into a long-lived state using a control pulse,
in a similar fashion to the full spin-wave AFC protocol
[41]. In our implementation, there is no auxiliary ground
state to map to, however, there are many suitable up-
per transitions that could be used in a ladder scheme,
similar to the off-resonant cascaded absorption (ORCA)
protocol [42—44]. These upper transitions can have relat-
ively strong oscillator strengths allowing GHz Rabi fre-
quencies to be easily accessible with moderate control
pulse energies. In fact, the AFC is capable of overcom-
ing the inherent Doppler dephasing in these off-resonant
Raman-type ladder quantum memory protocols induced
by the large wave-vector mismatch between the signal
and control fields. There is then potential to go beyond
the spin-wave AFC protocol by combining the AFC with
Raman/ORCA protocol. After first preparing an AFC,
one could map a single photon into coherence between a
ground and a doubly-excited state by a two-photon pro-
cess mediated with an off-resonant control pulse driving
the upper transition. The application of a second control
pulse at precisely the AFC rephasing time 7 will read out
the the memory. If the control pulse is not applied or is
mistimed, the memory will not be phase-matched for effi-
cient read-out. The coherence can now be read out at any
time multiple of the rephasing time thereby transform-
ing the AFC protocol to an on-demand quantum memory
protocol modulo 7 (see [45] for a similar proposal and
discussion). If a vapour system with a long-lived state
(e.g. Rydberg states [46]) or a metastable atomic level
(e.g. barium [47]) is used as the storage state and the
comb is prepared via piecewise adiabatic passage as in
[45], the lifetime of the memory will be limited only by
the transit time of the atoms across the spatial mode of
the beam. For mode sizes around millimetres, several
us could be achieved which is a sufficiently long enough
storage time for enhanced quantum operations via tem-



poral multiplexing given the operational bandwidth we
have demonstrated [48].
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EXPERIMENTAL SETUP

Figure 1 shows a schematic of the experimental
setup. Our memory is a paraffin-coated Cs cell of
length 25 mm and diameter 10 mm. Three independent
narrowband continuous-wave (CW) lasers are utilised.
One laser is tuned to the F' = 4 — F/ = 4 tran-
sition in the Dy line (852nm - Sacher Lasertechnik
ECDL) and is used to perform the initialisation of
the ground states. A second laser is tuned to the
F =3 — F' = 4 transition in the D; line (895nm
- Toptica DFB) and is used to perform the velocity-
selective optical pumping - see below for more details.
The final laser acts to probe the system both in fre-
quency (absorption spectra) and time (AFC echoes)
on the F =4 — F' = 3,4, 5 transitions in the Dy line
(Toptica DL Pro). Each pump mode has an acousto-
optic modulator (AOM) for temporal control of the
pumping, while the probe mode has an AOM in a
double-pass configuration in the detection. The role
of the AOM is two-fold: For the spectroscopy the de-
tection AOM turns on only at the appropriate time
(more information beow) for a duration of 100 ns; For
the echo experiment the detection AOM serves to pro-
tect the single photon detector (more information be-
low) from the AFC preparation. For the creation
of the pulses for the echo experiments, a fiber-based
electro-optic modulator is used (driven by two arbi-
trary waveform generators - RF1 and RF2) to create
near Gaussian pulses of 2 ns duration. For more details
on this pulse carving setup see [1]. We note that this
EOM is bypassed when measuring the atomic specta.
The pump modes are combined using a dichroic mir-
ror (DM), and then expanded to a beam radius size of
2.7mm (1.9mm) for the hyperfine (velocity selective)
pump mode before the cell.

We arrange the probe mode (of beam radius 290, mm
at the cell) to be counter-propagating the pump modes
and a polarising beam splitter (PBS) is used after the
cell to separate this mode toward the detection. A
bandpass filter (BPF - Thorlabs FL850-10) centered
on the D2 laser is placed in the detecion mode to effec-
tively filter the velocity selective pump laser. A silicon
avalanche photodetector (Thorlabs PDA120) is used
for the spectroscopy and a single-photon avalanche
photo-detector (Perkin Elmer SPCM-AQR series) to-
gether with a time-tagger module (Swabian Instru-
ments Time Tagger 20) for the echo experiments. For
the echo experiments, several neutral density (ND) fil-
ters are placed in the pulsed signal mode before the

cell to reduce the number of photons per pulse to the
few hundreds level, and additional ND is placed in the
detection mode to reduce the signal and any leakage
to the single photon level.

The atoms physically move out of the probe mode
much faster that the laser can be scanned in a
mode-hop free manner, therefore it is not possible to
probe the entire AFC spectrum after a given velocity-
selective pumping procedure. We instead piece to-
gether a full spectrum with around a thousand in-
dividual probe measurements. The sequence begins
with the pump mode open for approximately 998 ps
and power of about 20 mW, emptying the F' = 4 hy-
perfine level. The role of the paraffin coating becomes
apparent here, assisting in this initialisation by redis-
tributing the velocity classes of the atoms with spin-
preserving collisions with the paraffin allowing to use
a narrowband laser for efficient pumping. This is fol-
lowed by a velocity-selective optical pump for a du-
ration of around 7, and a varying power level. Then,
the probe mode is detected precisely after the velocity-
selective pump has turned off for a duration of around
100ns. The total sequence duration is 1 ms. The probe
laser is scanned over about a GHz at a rate of 5Hz
and is done asynchronously with the AFC prepara-
tion, such that a different part of the AFC spectrum is
probed after each preparation round. Repeating this
procedure we piece together 1000 probe measurements
to complete the full spectrum.

AFC PREPARATION

As outlined above, the velocity selective pump mode
is applied by a single laser tuned to the D1 transition
for a duration around 100ns. To prepare the vari-
ous atomic frequency combs, it is necessary to ad-
dress multiple frequency classes. This is done with
direct modulation of the laser current via the bias-T
with an RF Arbitrary Waveform Generator (Keysight
33600A). Our approach was to use integer divisions of
the F' = 4,F’ = 5 hyperfine excited state splitting
of 251 MHz in order to utilise both transitions for a
broader band AFC implementation. Modulation on
the bias-T of the laser has the effect of inducing fre-
quency sidebands on the spectrum of the laser at plus
and minus the modulation frequency, resulting in two
additional velocity classes being addressed per applied
modulation frequency.

Table T outlines the AFC comb spacings A we pre-
pared, the resulting rephasing times 7, and the re-
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FIG. 1. Experimental setup. See text for details.

quired RF modulation frequencies necessary to create
the AFC. Given the maximum analogue output of our
waveform generator (80 MHz), it was necessary in some
instances to use a half the frequency needed and then
to double-amplify-filter the AWG output with mini-
circuits electronics. In the instances where two fre-
quencies are required, these where provided by the 2-
channel AWG and were combined using a simple coax-
ial T-piece. The authors note that this approach is far
from an ideal implementation involving the use of an
RF power splitter, however was sufficient to demon-
strate the particular AFC. The RF power of the mod-
ulation was optimised for each AFC and was generally
not exceeding 6, dBm.

|A [MHZ]|7 [ns][Mod Freq. [MHy]]|

125.5 | 7.97 125.5"
83.67 [11.95 83.67"
62.75 |15.94| 62.75, 125.5"
50.2  [19.92 50.2, 100.4*

TABLE I. AFC tooth separation A, corresponding rephas-
ing time 7 and the modulation frequencies needed. To cre-
ate the * frequencies (i.e. frequencies that exceeded the
maximum analogue frequency of the AWG), the AWG was
set to half the required frequency and a mini-circuits fre-
quency doubler and amplifier were used.

Figure 2 shows the spectra for four separate AFC
implementations. Two of these are exactly the combs
from the main text with rephasing times of around
8ns and 12ns, the additional two showing the case for
rephasing times of around 16 ns and 20 ns. This show-
cases the flexibility of our system and our approach
being able to create arbitrary-spaced many-toothed
atomic structures within a timescale of a ps. It is
clearly seen that as we decrease the tooth separation
A, the effective background absorption of the AFC is
increasing. This is an expected observation given the

minimum velocity class width that we can prepare,
limited by the laser linewidth, power broadening and
ultimately the atomic linewidth of the transition [2].
We note that we were not able to observe the time re-
sponse for the 16 ns and 20 ns rephasing time AFCs,
the increased absorption background for these AFCs
inducing too much loss to enable efficient read out.

Optical Depth [e]
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12 -250

-500

Rephasing Time [ns] 8 .750 Frequency [MHZz]

FIG. 2. Different implementations of the AFC. Velocity
classes are pumped back into the F' = 4 hyperfine ground
state using the VSP pump laser with modulation frequen-
cies outlined in Table I. The zero of the frequency axis
represents the F' = 4 to F’ = 5 transition. The unpumped
F = 4 spectrum is included for reference.
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