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Abstract. Antihydrogen atoms are produced at CERN in highly excited Rydberg states. However, preci-
sion measurements require anti-atoms in ground state. Whereas experiments currently rely on spontaneous
emission only, simulations have shown that THz light can be used to stimulate the decay towards ground
state and thus increase the number of anti-atoms available for measurements. We review different possi-
bilities at hand to generate light in the THz range required for the purpose of stimulated deexcitation.
We demonstrate the effect of a blackbody type light source, which however presents drawbacks for this
application including strong photoionization. Further, we report on the first THz transitions in a beam of
Rydberg caesium atoms induced by photomixers and conclude with the implications of the results for the

antihydrogen case.

1 Introduction

After years of technical developments, antihydrogen (H)
atoms can be regularly produced at CERN’s Antipro-
ton Decelerator complex [1-3]. This anti-atom is used
for stringent tests of the Charge-Parity-Time (CPT)
symmetry as well as for the direct measurements of
the effect of the Earth’s gravitational acceleration on
antimatter. For precision measurements towards both
of these goals ground-state antihydrogen atoms are
needed.

The atoms are mostly synthesized using either a
charge exchange (CE) reaction where an excited positro-
nium (Ps) atom (bound state of an electron and a
positron) releases its positron to an antiproton or a so-
called three-body recombination reaction (3BR) where
a large number of positrons and antiprotons are brought
together to form antihydrogen.

Both formation mechanisms produce antihydrogen
atoms in highly excited Rydberg states with so-far best
achieved temperatures of ~ 40 K [1] (corresponding to
a mean velocity of ~ 1000 m/s) and in the presence
of relatively strong magnetic fields (O(1 T)) to con-
fine the charged particles and, in some cases, trap the
antihydrogen atoms. Although experimentally not well
studied, the antihydrogen atoms formed via 3BR are
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expected to cover a broad range of principle quantum
numbers up to n ~ 100 [4-8]. Highly excited states will
be ionized by the electric field present at the edges of
the charged clouds so that in general only antihydro-
gen with n < 50 can escape the formation region. Via
the CE reaction, specific n ~ 30 values can be targeted
resulting in a narrower spread in n that is mainly deter-
mined by the velocity and velocity distribution of the
impinging Ps [9-11]. In either case, all (k,m) substates
are populated where m is the magnetic quantum num-
ber and k a labeling index according to the strength of
the substate’s diamagnetic interaction that becomes in
a field-free environment the angular momentum quan-
tum number [. The field-free lifetime 7,, ; of the Rydberg
states produced

n\3 (1+1/2\°
i~ (35) ( 5 ) x 2.4 ms (1)

is of the order of several milliseconds [12] and can
be considered a good approximation in the presence
of a magnetic field B ~ 1T [13]. Given the cur-
rently achieved formation temperatures, this results,
for experiments that rely on an antihydrogen beam,
in a large fraction of atoms remaining in excited states
before escaping the formation region which complicates
beam formation and hinders in-situ measurements.

In a previous publication [14] the stimulation of
atomic transitions in (anti-)hydrogen using appropri-
ate light in order to couple the initial population to
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fast spontaneously decaying levels was studied. Indeed,
such techniques allow to increase the ground state frac-
tion within a few microseconds which corresponds to an
average flight path of the atoms on the order of centime-
ters. Different deexcitation schemes, making use of THz
light, microwaves and visible lasers were investigated.
Microwave sources and lasers at the wavelengths and
intensities identified in [14] are commercially available
and measurements of single Rydberg-Rydberg transi-
tions have been reported [15]. The simultaneous gener-
ation of multiple powerful light frequencies in the high
GHz to THz regime however still remains a technical
challenge. After providing some insights into the anti-
hydrogen deexcitation schemes dealt with and clarify-
ing which light intensities and wavelengths are required
in Sect. 2, we analyse in Sect. 3 the suitability of differ-
ent THz light sources for this purpose. We report in
Sect.4 on the effect of a broadband lamp and on the
first observation of highly selective THz light stimu-
lated population transfer between Rydberg states with
a photomixer in a proof-of-principle experiment with a
beam of excited caesium atoms.

2 THz-induced antihydrogen deexcitation
and state mixing

For both production schemes, CE and 3BR, the idea
of stimulated deexcitation of antihydrogen comes down
to mixing many initially populated long-lived states
and simultaneously driving transitions to fewer short-
lived levels from where the spontaneous cascade decay
towards the ground state is fast. Relying on a pulsed
CE production scheme the initially populated states
can be mixed by applying an additional electric field
to the already present magnetic one [16]. A deexcita-
tion/mixing scheme based on the stimulation of atomic
transitions via light in the THz frequency range is thor-
oughly discussed in [14] for the 3BR case. This latter
scheme is equally applicable to a pulsed CE production.

When coupling a distribution of N long-lived levels
with an average lifetime of 7y to N’ levels with an aver-
age deexcitation time to ground state of TI%S < 7N, the
minimum achievable time tqeex for the entire system to
decay to ground state can be approximated by

N
tdeex ~ ﬁ X Tg/s (2)

In (anti)hydrogen, the average decay time of a n'-
manifold with N’ fully mixed states to ground state
can be approximated, for low n’, by the average life-
time of the manifold: 7 ~ 2 s x (n’/10)* [16]. Con-
sequently, when coupling some thousands of initially
populated Rydberg antihydrogen levels (n ~ 30) to a
low lying manifold this intrinsic limit would lead to a
best deexcitation time towards ground state of roughly
a few tens of ws. Within such a time interval the atoms
move only by a few tens of millimeters and thus stay
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Fig. 1 Binding energy of (anti-)hydrogen Rydberg states
in a 1 T magnetic field as a function of the magnetic quan-
tum number m. Inter-n manifold transitions in the THz
region are indicated by continuous errors. Dashed arrows
illustrate some examples of spontaneous transitions. The
figure is adapted from Ref. [14].

close to the formation region from where, once deex-
cited, a beam can be efficiently formed.

Figure 1 shows the binding energy diagram of anti-
hydrogen states in a 1 T magnetic field. Recalling the
| Am| = 1 selection rule, it becomes apparent that, espe-
cially to address high angular momentum states that
are incidentally the longest lived ones, all An = —1
THz-transitions need to be driven to achieve an efficient
mixing. In Ref. [14] the efficiency of stimulating simulta-
neously all An = —1 inter-n manifold transitions from
Rydberg levels (n,k,m) down towards a manifold n’
that is rapidly depopulated to ground state by spon-
taneous emission (in the following referred to as THz
deexcitation) is studied.

For n = 30 and n’ = 5 it is found that the total
(summed over all driven transitions) light intensity nec-

essary is of > 10 mW/ cm? covering a frequency range
from ~ 200 GHz to well within the few THz region (the
frequencies range from over 40 THz for n = 6 — 5 to
0.26 THz for n = 30 — 29).

As an alternative scheme (in the following referred
to as THz mixing), it was proposed to restrict the THz
light to a certain fraction of the initially populated lev-
els in order to mix all (k, m) sublevels within, for exam-
ple, 25 < n < 35. Retaining the levels equipopulated
allows for a narrowband deexcitation laser to couple
the Rydberg state distribution directly to the n = 3
manifold which decays on a nanosecond timescale. This
results in a reduction of the total THz light inten-
sity required by more than an order of magnitude to
1 mW/ cm?.

In summary, THz mixing or deexcitation requires the
simultaneous generation of multiple light frequencies in
the mW power regime. As derived in Ref. [14], opti-
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mal conditions to transfer population are given when
sending equally intense light to stimulate the desired
individual n — n — 1 transitions.

3 THz sources

The spectral range in the THz region—also called far-
infrared or sub-mm region, depending on the commu-
nity (1 THz corresponds to 33 cm™!, to ~ 4 meV, and
to a wavelength of 0.3 mm) — is situated at frequencies
at which powerful sources are not easily available and
mW power is roughly the bottleneck even if THz tech-
nology is a fast moving field (see for instance the reviews
given in [17-21]). The multiple frequencies light neces-
sary for deexcitation or state mixing in antihydrogen
can be generated via two techniques: either via several
narrowband sources that emit a sharp spectrum at the
wavelengths required to drive single or few transitions,
or via a single broadband source that covers the fre-
quency range of all required transitions. In the follow-
ing, we will give a general overview of the constraints
and limitations of either solution.

A first general constrain, whatever the source is, is
linked to the fact that all transitions should be driven
simultaneously (and not sequentially) in order to avoid
a mere population exchange between the levels. In the
following, we will thus restrain ourselves to fixed fre-
quency sources. We first study the possible narrowband
sources and then the broadband ones.

3.1 Narrowband THz sources

In the case of narrowband sources, particular atomic
transitions can be targeted and therefore the power
provided by the source at those wavelengths is entirely
used to drive the transition. Thus, ionization due to off-
resonant wavelengths can be minimized. The usage of
multiple sources allows to implement the correct power
scaling as a function of output frequency increasing the
efficiency of the deexcitation. However, when stimulat-
ing all An = —1 transitions from n = 30 down ton’ =5
a totality of 25 wavelengths is required. In the presence
of a magnetic field which leads to significant degeneracy
lifting of the levels, the necessary number of (very) nar-
rowband sources can even increase further due to the
spectral broadening of the atomic transitions. In view of
the high number of desired wavelengths that need to be
produced the usage of expensive direct synthesis such as
quantum cascade or molecular lasers is not an option.
Furthermore, as mentioned earlier, the exact distribu-
tion of quantum states populated during antihydrogen
synthesis is not well known and thus a versatile appa-
ratus is needed to adapt the frequencies generated and
used for mixing. Given this point, CMOS-based ter-
ahertz sources or powerful diodes (> 1 mW) are not
versatile enough solutions, due to the requirement of
several frequency multiplications and the necessity of
many waveguides given their cut-off frequencies.

Page 3 of 8

In contrast, photomixing or optical rectification [22]
seems to be an attractive option. Given ng different
laser frequencies v; input signals, the photomixer opti-
cal beatnote produces, in the ultra-fast semiconductor
material, THz waves at all v; —v; frequencies; the num-
ber of which being ng(no—1)/2. Photomixing can nowa-
days reach the mW level, shared by all generated fre-
quencies [23]. The ng laser inputs can be produced using
pulse shaping from a single broadband laser source [24—
27]. Given the limitation of a photomixer’s total output
power, the device is an especially attractive solution
for THz mixing purposes (and not necessarily deexci-
tation towards low n') where the total power is divided
up into less frequencies. As mentioned in Sect. 2, this
is the case for schemes relying on deexcitation lasers.
Additionally, the maximum achievable output power
rapidly decreases towards the few THz frequency region
rendering the device unfit for the deexcitation purpose
below n < 15. We conclude that, in particular for the
THz mixing scheme, photomixers exhibit very attrac-
tive characteristics. Furthermore the photomixer sim-
ply reproduces the beating in the laser spectrum and
can thus also be used as a broadband source.

3.2 Broadband THz sources

Using a broadband source has the main advantage that
a single device might be able to drive many transitions
significantly facilitating the experimental implementa-
tion. The obvious drawback, however, is that most of
the power will not be emitted at resonant frequencies
and thus much higher total power would be required to
drive the needed transitions. This might lead to signif-
icant losses due to ionization [28,29] even if filters can
be used to reduce this effect. As pointed out earlier, the
source output power should ideally be constant over the
exploited range of emitted wavelengths which is more
difficult to implement with a single broadband source.
Portable synchrotron [30] or table-top Free Electron
Laser sources [31-34] would be ideal broadband sources
with intense radiance in the far-infrared region, but the
costs of such apparatus are still prohibitive. A possible
alternative is the use of femtosecond mode-locked lasers
to generate very short THz pulses using optical recti-
fication, surface emitters or photoconductive (Auston)
switches. However, we can only use sources with fast
repetition rates in order for the spontaneous emission
to depopulate all levels. Unfortunately, even though
photoconductive switches with mW THz average out-
put power exist [35], and THz bandwidth in excess of
4 THz with power up to 64uW as well as optical-
power-to-THz-power conversion efficiencies of ~ 1073
have been demonstrated [36], the efficiency drops to
~ 1075 for fast repetition rates low femtosecond pulse
energies. Thus, if using a standard oscillator provid-
ing for instance 1 W average power, no more than
10 wW total output power is expected [18]. Such sources
have been tested to drive transitions between Rydberg
atoms, but with only 10% of the population transfer
from the n = 50 initial states down to n < 40 [37-39].
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Fig. 2 Illustration of the experimental caesium beam
setup.

A simple solution would consist of a blackbody emit-
ter which efficiently radiates in the THz range [40]. A
1000 K blackbody emits in the far infrared region of
0.1-5 THz, with a band radiance of 4 mW/ cm” which
seems perfectly compatible with the requirements found
for the antihydrogen deexcitation purpose. Such a radi-
ation source has been proposed in order to cool inter-
nal degrees of freedom of MgH™ molecular ions [41].
Between about 400 and 100 cm™!, the radiant power
emitted by a silicon carbide (Globar) source is as high as
any conventional infrared source, but below 100 cm ™!,
as for Nernst lamps or glowers that become transpar-
ent below about 200 cm ™!, the emissivity is low. In the
region between ~ 50 and 10 ecm ™! it is thus customary
to use a high-pressure mercury lamp with a spectrum
close to a blackbody one of effective temperature of
1000-5000 K [30,40,42-46].

4 Experimental caesium test setup

In order to experimentally assess the potential of the
discussed source types, to evaluate realistic power out-
puts, and to study the suitability of the sources for
application to antihydrogen state mixing and deexci-
tation, we have tested, on a beam of excited Rydberg
caesium atoms, the narrow- and broadband solution
which seemed most optimal. The reason to use caesium
and not directly hydrogen atoms is mainly due to the
fact that, compared to hydrogen, light to manipulate
caesium atoms is much easier to generate and off-the-
shelf solutions readily exist. However, alkaline Rydberg
atoms, such as caesium, have a behavior close to that
of hydrogen.

In our experimental setup, illustrated in Fig. 2, a cae-
sium effusive beam emitted out of an oven enters a vac-
uum chamber. The atoms are excited by a cw diode
at 852 nm from the 6S;/5 to the 6P3/, level. A sec-
ond tunable pulsed laser (OPO pumped by a Nd:YAG)
then addresses the nS or nD Rydberg level. The exci-
tation lasers are sent perpendicular to the beam direc-
tion. Two grids opposing each other perpendicular to
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the beam direction introduce an electric field to field
ionize the atoms and study the population of each (n, 1)
state. The THz radiation emitted by a narrowband pho-
tomixer outside the chamber can be sent through a THz
transparent viewport towards the excited Cs atoms.
Alternatively, a broadband lamp is mounted inside the
chamber in proximity to the measurement region to
stimulate a population transfer.

The caesium state population was studied by apply-
ing a high voltage pulse to the lower grid (cf. Fig. 2,
the other grid was grounded) of the field ionizer sur-
rounding the atomic beam at a given delay time tp
with respect to the laser excitation pulse. The ionizing
field was ramped making use of an RC circuit with a
rise time of 4 ps. Since each state ionizes at a given elec-
tric field strength, the state distribution can be probed
by collecting either the ions or electrons from the ion-
ization on a Chevron stack micro-channel plate (MCP)
charge detector [47,48].

We tested a commercial (GaAs Toptica) photomixer
acting as a THz source stimulating the 97 GHz transi-
tion between the initially excited 365, /, state towards
the 36P3,, Rydberg state. This transition was chosen
due to a strong dipole transition, easy laser excitation
and a well defined field ionization signal. Undoubtedly,
much more cost-effective, convenient and efficient ways
to induce a 97 GHz transition would have been to use
a voltage-controlled oscillator (VCO), semi-conductor
(Gunn or IMPATT diode), backward-wave oscillator or
a submillimeter-wave source based on harmonic genera-
tion of microwave radiation. However, our goal was not
to drive specifically this transition, but to demonstrate
the use of a photomixer to drive Rydberg transitions.
This technology allows to create a spectrum of mul-
tiple sharp frequencies to simultaneously drive many
transitions in antihydrogen which ultimately results in
a deexcitation of the atoms. In the context of this
proof-of-principle experiment, mixing of near 852 nm
laser lines from a Ti:Sa laser and a diode laser was
used to produce ~ 1 wW THz output power at 97 GHz
with a spectral linewidth which reproduces the one of
the input lasers (< 5 MHz). The THz light was sent
through a TPX viewport (transparent to THz radia-
tion) and illuminated the sample for ~ 10 us. A popu-
lation transfer is clearly visible in Fig. 3 and amounts
to ~ 15% corresponding to a stimulated transition rate
of the order of 10*s~!. In theory, the large Cs dipole
matrix element (554.4eaq for the 36S,,, — 36P3/o
transition [49]) should lead to a much faster transition
rate of 2 ~ 10%s~! when assuming a light intensity of
~ 1pW/ cm?®. The experimentally observed lower rate
is mainly explained by a transition broadening due to
large field inhomogeneities in the region traversed by
the Cs beam. Indeed, in our geometry, the MCP pro-
duces a fringe field between the two field-ionizer plates
that can reach tens of V/cm leading to a broadening
of tens of GHz for the transition addressed [49]. This
measurement demonstrates the first, to our knowledge,
use of a photomixer to stimulate Rydberg transitions
in caesium atoms.
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Fig. 3 Caesium population transfer from the 36S, /5 to the
36P3/5 level. The obtained MCP signal is plotted for case
(1) where the photomixer is switched on (triangle) and case
(2) where the photomixer is turned off (square). We indi-
cate on the x-axis the time reference of the signal to the high
voltage ramp that is applied to the field ionizer grids. The
Cs atoms ionize at a given electric field strength and accel-
erate towards the MCP. The ionization rate of the 36P3/,
level peaks around ~ 3.15us after the high voltage ramp
is started. The detection rate of ions originating from the
ionization of the 36S; /5 level reaches its maximum approxi-
mately 250 ns later. To improve the readability, the signals
are averaged over 0.4 jLs.

Figure 4 shows results obtained using a globar type
(ASB-IR-12K from Spectral Products) lamp which is
a silicon nitride emitter mounted in a 1 inch parabolic
reflector that is small enough to be placed inside the
vacuum chamber ~ 2 cm away from where the caesium
atoms are excited and ionized. Here, the delay time tp
of the applied ionizing field ramp with respect to the
excitation laser was varied to study the population of
a given state (that ionizes at a given field strength) as
a function of time. To probe the population of these
states we integrate the signal in a ~ 200 ns time win-
dow around the mean arrival time of the field ionization
signal. The desired signal can thus be slightly contam-
inated by the ionization signal from nearby states. We
compare the lifetimes of the state for stimulated popu-
lation transfer (lamp on) and sole spontaneous emission
(lamp off). Figure 4 shows the results obtained for the
40D5 5 level. This level was chosen because n ~ 40 is
close to the highest level that we would hope to trans-
fer in the case of antihydrogen [14]. Although the decay
curves are non-exponential, we indicate the 1/e depop-
ulation time that decreases from 11 to 3.5 s using the
lamp. To interpret this result, we simulate the spon-
taneous and light induced depopulation of the 40Ds /o
state within the caesium atomic system. Dealing with
non-coherent light sources we place ourselves in the low
saturation limit and reduce the optical Bloch equations
to a much simpler set of rate equations. The result-
ing matrix system is numerically solved for a few hun-
dred atoms as detailed in [50]. The simulations indicate
that the enhancement of the decay achieved experimen-

Page 5 of 8

1.0

0.8

0.6

® lamp off

Normalized population of 40Ds;2

0.4}
0.2}
0.0
0 5 10 15 20
tp [ps]

Fig. 4 Experimentally measured lifetimes of the caesium
40D5 /5 level with and without a lamp (globar type). The
time tp, given on the x-axis, indicates the time delay of the
field ionization ramp with respect to the excitation laser. We
include simulation results for a 1100 K blackbody spectrum
(gray). To improve the readability the experimental signals
are averaged over 0.1 ps.

tally is comparable to the simulation result obtained
by implementing a light source that emits an isotropic
blackbody spectrum of ~ 1100 K. This is close, and
even slightly higher than the temperature emitted by
the collimated lamp. Since the device is mounted in
close proximity to the caesium beam, it is possible that
the radiative spectrum is indeed focused on the atoms.
In addition, we observed that ~ 50% of the atoms
are either excited to higher levels or photoionized [51].
However, we note that filters, such as TPX, PTFE or
Teflon [40], can be used to cut out the low (to avoid
n — n + 1 transitions) and high (to avoid direct pho-
toionization) frequency parts of the spectrum that lead
to these effects [51].

We note that in the cryogenic environment of an anti-
hydrogen experiment the installation of such a high
temperature lamp in the vicinity of the atoms remains
hypothetical. However, using transport of THz radia-
tion by, for example, a metallic light pipe is simple
and efficient [40]. We investigated the transmission effi-
ciency of the lamp’s broadband spectrum with a 30 cm
long copper tube (diameter: ~ 1 c¢cm) and could transfer
> 94.5% [51] of the radiation.

5 Conclusions

This work reviewed different methods of generating
light in the THz region to stimulate the decay of Ryd-
berg antihydrogen atoms towards ground state.

We commissioned a beamline to study Rydberg pop-
ulation transfer in alkaline atoms. Cesium atoms are
much easier to produce than (anti-)hydrogen and are
thus ideal for proof-of-principle studies. A ~ 15% pop-
ulation transfer within the n = 36 manifold was demon-
strated using photomixing at ~ 0.1 THz. Such THz
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transitions between Rydberg states can be used to mix
the states of antihydrogen atoms while a laser deex-
cites the Rydberg state distribution towards low n-
manifolds [14]. Because antihydrogen is formed (by col-
lisions) in many Rydberg levels this mixing and deex-
citation requires several frequencies. The photomixer
frequency range of ~ 0-2 THz is especially adapted to
this purpose. An attractive solution to generate a con-
tinuum around the few hundred GHz region (needed for
Rydberg states around 25 < n < 30) could be the use
of tapered amplifiers, i.e. semiconductor optical ampli-
fiers, or the amplified spontaneous emission output of
an optical amplifier, as radiation inputs towards the
photomixer.

A deexcitation of the Cs 40Dj5 /5 level was observed
using a blackbody type light source. However, the ion-
ization fraction for a broadband source lies around
~ 50% and is significantly elevated compared to the
use of narrowband light sources that emit sharp fre-
quencies targeted towards single n — n — 1 transitions.
In combination with the lack of flexibility in the source
output power distribution as a function of the emit-
ted wavelength, broadband sources seem consequently
rather unfit for the antimatter application. In particu-
lar the high ionization potential must be pointed out
as a very harmful effect in the context of antihydrogen
experiments where atoms are only available in the few
hundreds at a time following a complicated synthesis
procedure at CERN’s Antiproton Decelerator.

We conclude that in particular photomixing has
potential for an application in experiments aiming for a
deexcitation of antihydrogen atoms. As pointed out, the
field of THz light sources is rapidly evolving and out-
put powers in the mW range have been demonstrated.
In view of the theoretical studies published in [14] and
the complementary experimental conclusions drawn in
this manuscript, we aim to next demonstrate the first
experimental deexcitation of Rydberg hydrogen atoms
to ground state in a few tens of microsecond time scales.
Addressing this long standing issue in the antihydrogen
community has the potential to pave the way for further
antimatter precision measurements at CERN.
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