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Abstract

We propose to extend laser-cooling techniques, so far only achieved for neutral molecules, to molecular
anions. A detailed computational study is performed for C; molecules stored in Penning traps using
GPU based Monte Carlo simulations. Two cooling schemes—Doppler laser cooling and photodetach-
ment cooling—are investigated. The sympathetic cooling of antiprotons is studied for the Doppler
cooling scheme, where it is shown that cooling of antiprotons to subKelvin temperatures could becomes
feasible, with impacts on the field of antimatter physics. The presented cooling schemes also have
applications for the generation of cold, negatively charged particle sources and for the sympathetic
cooling of other molecular anions.

1. Introduction

Atomic and molecular anions are relevant in a variety of different fields starting from the chemistry of highly
correlated systems [1], the studies of planetary atmospheres [2], negative superhalogens [3] to the interstellar medium
[4, 5]. The study of the processes in which the anions are involved is currently hampered by their synthesis at ultracold
temperatures. Up to now, temperatures of at best several Kelvin have been achieved via supersonic expansion of
anionic gas followed by resistive, buffer gas or electron cooling in cryogenic environments [6—11]. The utilization of
laser cooling techniques, routinely used for neutrals, positive ions and neutral molecules (SrF, YO, CaF) [12-14],
could for the first time allow the investigation of anionic systems at subKelvin temperatures. In a broader perspective,
cooling even a single anion species would enable one to cool any other negatively charged particles via sympathetic
cooling including ™, atomic and molecular anions and antiprotons. The latter are relevant for antihydrogen (H)
experiments, since even though first spectroscopic results on the 1S-2S transition of H have been recently obtained
[15], their current sensitivity to CPT violations is not yet competitive with that obtained with antiprotons [16, 17] or
positrons [18]. Further, measuring the gravitational interaction between matter and antimatter with similar
precisions as has been accomplished for matter experiments [19, 20] requires full control of the external and internal
state of H and temperatures below mK. More generally, the precision of future H experiments strongly correlates
with the temperature at which H can be prepared. Current techniques that rely on forming H by interacting p and e "
which have been pre-cooled in a cryogenic Penning trap achieve H temperatures in the region of 10 K [15]. The
creation of ultracold H via the resonant charge exchange of antiprotons with ortho-positronium (o-Ps) is potentially,
limited only by the recoil limit of the constituents [21].

This goals of obtaining ultracold H has recently sparked theoretical and experimental investigations to use
laser-cooled atomic anionslike Os ™~ and La™ [10, 22—-24]. As another approach to this yet-to-be-realized
procedure, molecular anions are a potential candidate for laser cooling down to the mK regime and have been
studied in [11]. In [25] a Sisyphus cooling scheme using optical dipole forces was investigated including the
sympathetic cooling of other anions. Here, similarly to Doppler cooling, optical dipole force cooling relies on
multiple lasers that repump the population of the coolant in a quasi closed cycle.

In this article, an easy-to-implement scheme relying only on two optical transitions is presented as
photodetachment cooling. In this scheme, a selective fraction of C; molecules with high kinetic energies can be

©2018 The Author(s). Published by IOP Publishing Ltd on behalf of Deutsche Physikalische Gesellschaft
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Figure 1. (a) Molecular potential energy of C; versus internuclear separation with the electronic and vibrational levels including two
neutral C, (X’ 12; , a°I1,,) curves [37]. The X—A (red) cooling transitions and the photodetachment (blue, \,q) transition are indicated
with arrows. (b) Zeeman splitted vib—rot sublevelsina 1 T field showing the laser for the Doppler cooling scheme. The electron spin % is
coupled to the rotational quantum number N to form the full angular momentum J and its projection M on the magnetic field axis. The v
" = 0andv’ = 1 manifold of the X state and the excited A states are shown (not to scale). The two Doppler cooling lasers (DL, red)
addressing the ground states at 2.54 pum are depicted with their detunings Av. The six repumping lasers are sketched (RL, gray) at

2.54 pmand 4.59 pm, respectively. Reproduced from [25]. CCBY 4.0.

removed by two-stage laser induced photodetachment, hereby reducing the temperature of the remaining particles
after reaching plasma equilibrium once again. While commonly applied for the spectroscopy of anionic systems

[26, 27] and recently for the controlled manipulation of the internal states of molecular anions [28], photodetachment
is, to our knowledge, for the first time investigated for the purpose of cooling trapped anions in Penning traps. In [29]
evaporative cooling of anions in a rf trap was theoretically investigated using one laser slightly detuned below the
photodetachment threshold. Further, in this article the feasibility of the sympathetic cooling of antiprotons in a
Penning trap under realistic experimental conditions are discussed using the Doppler cooling method. Both studies
are performed on the molecular anion C; . Among many possible candidates, C; has the advantage of a well-known
level structure and due to its homonuclear character the B>Y.; — AI1,, decay channel is forbidden [30-34].
Furthermore, it has well suited branching ratios between B2X(v/ = 0) «» X23(v" = 0) ground vibrational states of
72% and between A% /,(v/ = 0) <« X?X(v" = 0) 0f96%. In comparison to atomic La ", molecular C; hasa
similar dipole transition but exhibits no unwanted photodetachment, no hyperfine structure and can be produced at
low sub-eV kinetic energies [35]. Figure 1(a) shows an overview of the electronic and vibrational level structure of C;
and C,. The potential curves of the molecule were calculated using the empirical function proposed in [36], using
spectroscopic parameters from [32, 37]. The vibrational levels are based on constants from [37]. For C, the curves
where shifted by the electron affinity EA = 3.269. The rot—vib and electronic spectra of C; were simulated using the
program PGOPHER [38].

2. Sympathetic Doppler cooling of C, /p

C; can be produced from plasma discharge of acetylene with internal energies in the sub-eV range at densities of
10" m™> [35, 39]. After selection of C; in a mass spectrometer, the anions can be trapped in a Penning trap. In
sequence, p can be trapped in the same Penning trap at a different axial position. Starting from typical
experimental conditions that are achieved at CERN’s Antiproton Decelerator facility approximately 10> p can be
caught and initially electron-cooled to eV kinetic energies [ 15, 40—42]. The p can then be mixed with the C; and
with priorlyloaded e™ using potential manipulations, similarly as demonstrated in the preparation of different
charge-to-mass-ratio species plasmas [43, 44]. Using electron cooling after the mixing process and considering a
1 T Penning trap at 10 K, temperatures of the C; /p/e~ ensemble around 100 K can be realized within a few tens
of seconds [45]. Subsequently, by lowering the axial trapping potential confining the particles allows for
additional evaporative cooling and the preparation of the mixed plasma at about 10 K [46].

Inthe trap the E x B field causes an azimuthal drift of the particles about the magnetic field axis. Ata same
radius the difference in mass of the two species will result in a difference in centrifugal force and with that
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Figure 2. Simulation of sympathetic coolingina 1 T Penning trap for a Coulomb factor of (a) C; = 1and (c) Cy = 5000 usinga
Doppler cooling force scaled by 10%, see text for details. The confidence intervals are obtained from Boltzmannian fits to the particle
velocity distributions. The temperature evolution of 1848 C; (solid, red) and 200 p (dotted, blue) are calculated. In both plots the
laser detunings are adjusted to the half width of the Doppler broadened Voigt profile in 4 steps from Ay = —39 MHz to

Av = —3.4 MHz using alaser linewidth of év = 1 MHz. Histogram of the axial velocity distribution in (b) for C; = 1and (d) for
Cy = 5000 together with the radial plasma profile for three corresponding times for C; (red) and p (blue).

rotation rate. Collisional drag gives rise to a separation of the particles with the lighter p drifting inwards and the
heavier C; outwards. In thermal equilibrium the rotation of the plasma is rigid at a frequency w, [43]. In the
limit of zero Debye length, the density n; of species j is then determined by w, as n; = 2egm;w, (€ — w,)/¢*, with
m;and €); the respective mass and cyclotron frequency [43]. For the case of €2; > w, the plasma will evolve to a
spheroidal shape with approximately equal densities and w, = e n/(2¢,B). Axially, the particles oscillate with a
frequencyw,; = 2m X vr,;/2l, with vy ; = kT, /m; the thermal velocity and trapping length [;.

In order to study the effect of sympathetic cooling, figure 2(a) shows a simulation of Doppler coolinga C; /p
plasma confinedinal T Penning trap. The Coulomb particle—particle interaction and the trapping field is
simulated for a total of 1848 C, and 200 p with time steps that resolve the cyclotron motion of the p including
N-body space charge effects. To scale the simulation to experimentally typical particle numbers of Nj ~ 10°
with a particle ratio of N¢; ~ 10N and to investigate possible geometrical plasma effects the Coulomb
interaction force between the particles is increased by a factor Cr = 5000 without affecting the particle-trap
interaction. For this case, the simulation is shown in figure 2(c). The computation is performed on a GPU
running on the mass parallel platform CUDA and the N-body algorithm described in [47]. A fifth order
Dormand-Prince integrator is used to calculate the force equation each time step [48].

To implement Doppler cooling in the simulation, the lasers are applied along the z-axis and parallel to the magnetic
trapping field, that acts as a quantization axis. In this configuration only AM = =1 laser transitions are allowed,
whereas spontaneous decays from the excited states can occur on AM = 0, +£1 transitions. Figure 1(b) depicts the
relevant vib-rot C; levels in the 1 T field together with the lasers for Doppler cooling. The transition strength
probabilities of the excited |A, v/ = 0, N’ = 1) state to the X state vibrational levels are 96,4,2 x 10~° (percentage of
the Franck-Condon); the natural linewidth of the excited stateis I'y, = 27 x 3.13 kHz [30, 32-34, 37]. Two narrow-
band lasers at 2.53 pm address the two ‘ X, v"=0,N"=0, M" = i%> — ‘ A, vV =0,N =1, M = ¥%>
transition. The cooling lasers are red detuned from resonance by Av. In order to achieve a quasi closed transition cycle
of the populations two additional 2.53 pm lasers repump the |X, v/ = 0, N” = 2, J” = 2.5, 1.5) manifolds with
imprinted sideband structures at 63 MHz (The power ratios of the carrier, first and second order sideband are
considered with a modulation index of 1.8 as I0 & 2I1 = I2). Each repump laser then addresses four AM = +1

transitions. From each of the two excited A states there are six allowed AM = 0, =1 transitions back to X into the

J' = 1.5,2.5 states and two transitions into the J” = 0.5 states. In a similar way, a total of four additional repump lasers
at4.59 ym are required to address the | X, v = 1) ro—vib levels. In total 20 laser induced transitions and 32
spontaneous decays are to be considered for the quasi closed cycle.

In thelimit of I'y, < 61, assuming typical IR-DFB laser linewidths of a few MHz in the simulation, the average
cooling force from the Doppler cooling transitions [49, 50] is calculated for each time step using Einstein’s rate
equations [51]. In steady-state the population is then evenly distributed between all molecular substates. Thus,
molecules resonant with the detuned Doppler lasers are selected in the force equation and experience a net cooling
force F; = IA; 7ik; per time step, with k; the wave vector of the respective cooling transition i. Here, A;is the Einstein
coefficient of one of the two Doppler cooling transitions and /is the fraction of the steady-state population in the
excited stateas | = 1 /22 = 0.045,as inverse to the number of all levels j from figure 1(b). For the simulation, the
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Doppler and repumper lasers are calculated with circular polarizations and linewidths of v = 1 MHz and linear
polarizations and linewidths of 6 = 3 MHz, respectively. For all lasers a power of 3 mW and a waist of 1.5 mm is
used. The resulting average cooling force leads to a cooling time on the order of several seconds per Kelvin. In order to
simulate the plasma evolution over a wide temperature range within practically accessible simulation times the
cooling force used in the following simulations is increased by a factor of 10%.

The particles are initialized at a temperature of ~10 K and at a density of # = 8 x 10'' m ™. For the case of
Cy = linfigure 2(a) cooling of the C; together with sympathetic cooling of p is seen to temperatures of ~4 mK
after 50 ms. Without the factor 10* increase in the cooling force and for the parameters used in figure 2, the
average number of scattered photons then corresponds to 1.3 x 10, with the velocity removed per photon
recoil from the two cooling transitions as Av; = /k; /mc;. Due to the unpumped | X, v/ = 2) states, after
Doppler cooling a total of 26% of the anions are then expected to end up in these excited vibrational states.

For the plots in figure 2, the temperature values are obtained from Boltzmannian fits of the velocity histograms in
axial z direction, pictured in figure 2(b) for p at three different times together with the corresponding radial plasma
profiles in the x—y plane. At C; temperatures of 1.3 mK the coupling parameter that describes the correlated system as
I’ = ¢?/(4megakT) with the Wigner—Seitz radiusa = (3/ 4n)'/3 approaches values of I" ~ 174, where the first-
order liquid-solid phase transition to a crystalline plasma state is expected. The crystallization process is visible in the
formation of radial plasma patterns as a function of the plasma aspect ratios, density and magnetic field [52], which are
precursors to the formation of bee-lattice planes [43]. For the present trapping geometry two shells are exhibited with
an outer plasma radius of R, = 0.2 mm. No pronounced centrifugal separation of the two species is visible, with the
separation length defined by Iy, = kT / (Imc; — ml—,lwf R;,) reaching values of R,, for temperatures of T ~ 10 mK
[43]. In figure 2(c) using C; = 5000 and leaving all other parameters identical the particles attain temperatures of 3 mK
and 500 mK for C; and p, respectively, after a simulated time of ~50 ms with the onset of a temperature difference at
about 3 K. Introducing the Coulomb factor Cyeffectively scales the coupling parameter I'. = sz/ T'witha, = }/ *a.
At3 KT, yields about 174, where the formation of three radial shells are visible for the present parameters. Here, with
lep < R, centrifugal separation of the two species starts to be visible at a simulated cooling time of 20 ms with the
lighter p predominantly concentrated in the inner shell limiting the sympathetic cooling via viscous drag to the outer
C, . Further, by increasing Crclose binary collisions dominate to produce equipartition of the axial and radial motions,
where the equipartition rate becomes exponentially small with increasing b/7,, the ratio of the distance of the closest
approachb = ¢*/(4meokT,) and the cyclotron radius 7. = v;;/; of the two species [53, 54]. This effect further
contributes to the observed difference in final temperature between the C; and p.

We have further checked an intermediate simulation using Cs = 100 where the onset of the temperature
difference occurs at about 0.2 K with the final temperatures of 30 mK for p and 10 mK for C; consistent with a
crystallization and the I, scaling. The simulations shown in figure 2 indicate that for the typical parameters
considered, sympathetic cooling of p using C; is expected to work over a large range of temperatures down to
subKelvin. Further, the sympathetic cooling occurs within about 1 ms in agreement with [55] on time scale much
faster than the effect of the amplified Doppler cooling. This still holds for the simulation including a Coulomb factor.

3. Photodetachment cooling of C,

To cool species with multilevel structures such as C; using the Doppler scheme requires mastering a full set of lasers to
absolute frequency precisions on the order of MHz. Additionally, for species faced with narrow dipole transitions
cooling times of the order of minutes have to be considered against plasma heating rates in Penning traps [56]. Asa
different cooling method we shall now study photodetachment cooling relying on only two lasers. Here, a Doppler
selective laser with energy Ep = hc/2.53 pm (1 MHz, 3 mW) and a waist of 1 mm addresses the

X, v =0,N"=0,M" = % > ground state. By that a fraction of molecules in a velocity window resonant with the

laser field is transferred to the excited state ‘ A, vV =0,N =1, M = % > ; for cooling the laser frequency is chosen
to select molecules with high kinetic energy. From the excited A state, a second laser at A4 then transfers the
population above the photodetachment threshold, EA, splitting C; into neutral C, and photoelectrons, see figure 1(a).
In order not to address the ground states the energy of the photodetachment laser E,q = hc/Apq must be
E,q < EA.The corresponding total photodetachment cross section o, from the state |A, v/ = 0) for varying photon
energy E,,q can be calculated as the sum over the partial cross sections oy, for all quantum numbers i of the C, states
obeying energy conservation, o (Epq) = >=; 0y Prc [57, 58], where o7, is derived by Geltman for homonuclear
diatomic anions in [59] and Pgc is the relative weight of the transition given by the Franck—Condon factor. A
calculation including the molecular potential energies shown in figure 1(a) results in a lower limit of
oa/cm? = 3.5 x 107" [60, 61]. The cross section for E,4close to the threshold EA — Ej, s significantly lower
reaching o, /cm” ~ 1 x 10~ The expected photodetachment rate is then given by I'pqa = 04 I/E,qforalaser
intensity I and has to be seen in comparison to the total natural decay rate of the excited state of I'y, = 19.7 ms™
[32, 33]. Experimentally I',q > Iy, can, for example, be realized with a frequency-doubled Ti:sapphire laser system
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Figure 3. (a) Simulation of photodetachment coolingina 1 T Penning trap at C; = 1 and E,~ = 20 meV, see text for detail. The
temperature evolution of initially 1000 C; (blue) is simulated together with the created photoelectrons. The initial laser detuning of
the 2.53 pm laser is set to 1o of the initial Doppler profile width as Av = 116 MHz and is linearly swept to Av = 84 MHz. (b)
Velocity histograms at three different times with the corresponding radial plasma profile of C; (blue)and e~ (red). (c) Calculation of
the C; /e~ temperature evolution caused by photoelectrons with energy E,~ = 0.46 eV for C; (solid, blue) and e~ (dashed, red) and
E,~ = 20 meV for C; (dashed—dotted, dark blue )and e~ (dotted, dark red). N¢; /N~ = 1.5y and initial Tg;; = 50 K.

enhanced in alow finesse cavity at 380 nm (3.26 eV) close to the EA threshold. While the neutral C, molecules will
escape the trapping potential after photodetachment of C5, the released photoelectrons will continue to Coulomb-
interact with the plasma. The photoelectrons’ angular distribution hereby depends on the angular momentum of C; .
The distribution can be described by the Cooper—Zare model [62, 63] and for simplicity will be approximated by an
isotropic character for the following simulation. The kinetic energy of the photoelectrons is dominated by the residual
binding energy given by the difference between the combined photon energy and the photodetachment threshold,
E, = Epq + Ep — EA,and can take values of E,_ < 0.47 eV. Only the fraction of released electrons which have a
kinetic energy projection along the trap axis smaller than the axial confinement potential of the space charge plasma U
will stay trapped. This can be expressed by the limit angle 3 = acos (y/ U/ E,-) that defines the fraction of trapped

photoelectronsasn = 1 — fo ’ sin(¢)d¢. These electrons will thus continue to equilibrate with the plasma due to
Coulomb collisions and their coupling to the black-body radiation of the environment.

The described processes are simulated in figure 3(a) for 1000 C; particlesina 1 T Penning trap fora
photodetachment rate of I' g = 85 ms ™' and an axial confinement of U = 20 mV. Employing Einstein’s optical
rate equations on all relevant transitions shown in figure 2(b), the pumping and photodetachment process is
included using the Monte Carlo method. In the simulation, the plasma is first initialized at a density of
n =5 x 10" m > and T = 120 K, which ranges close to temperatures measured using electrostatic plasma
modes [64]. The 2.53 pm laser is blue-detuned from resonance to address only the fraction of anions with a high
kinetic energy before interacting with a light field at A\, = 442 nm. At this wavelength E.- = 20 meV andall
e aretrapped,n = 1. By this, molecules with high kinetic are removed from the trapping fields. After reaching
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Figure 4. Photodetachment cooling simulation for C; at Cy = 1ina1 T trap. (a) Evolution of the axial kinetic energy of 1100 molecules
after initialization in thermal equilibrium at T = 10 Kand E,; = 20 meV. The detuning of the 2.53 yzm laser is linearly swept from initial
Av = 60 MHzto Av = 16 MHz. (b) Radial plasma profile of C; (blue)ande™ (red) at three different times together with the velocity
histograms showing the Boltzmann fit at initialization and two distributions with the corresponding mean kinetic energy in Kelvin.

(c) Temperature evolution for the case of photoelectron energies of E,~ = 0.46 eV for C; (solid, blue)and e™ (dashed, red) and for

E,~ = 20 meV for C, (dashed—dotted, dark blue )and e~ (dotted, dark red). N¢; /N~ = 0.7 1, for (E)c; /kg = 1.74 K.

equilibrium once again [65], the remaining C; /e~ plasma are left with a mean reduced temperature. This
process is very similar to evaporative cooling as performed with neutral atoms [66]. The number of C; in the
trap decreases until it reaches a saturation level after ~0.35 ms, which is determined by loss of C; in unpumped
molecular states. The confidence intervals are obtained from Boltzmannian fits to the particle velocity
distribution shown in figure 3(b) together with the radial plasma profiles. The temperature evolution for longer
time scales >>0.35 ms caused by the released photoelectrons is shown in figure 3(c) for A\, = 442 nm and for the
case of 380 nm (E,- = 0.47 eV, 1 = 0.21). Here a coupled rate equation calculation of the C; /e~ plasma is
performed including synchrotron radiation [45] in the trapping field. The final parameters of the GPU
simulation from figure 3(a) at t = 0.34 ms are used as input values for figure 3(c) as the particle number ratio
and the initial temperature of C, and e™. Here, the temperature of the C; initially follows similar behavior for
different photodetachment conditions. After approximately 2—5 s the system reaches temperatures of
100-400 K for increasing ™ energies before electron cooling dominates. From these two plots one infers that for
the considered density, B field and initial C; temperature the photoelectron heating occurs on a time scale about
30 times longer than the photodetachment cooling. Thus, in the overall temperature dynamics a temperature
minimum is seen after ~0.35 ms at 50 K and is found to be robust for different E,_. Itis thus this difference of
time scales of the competing processes which allows for the technique of photodetachment cooling.
Measurements at cold temperature can be then performed in an experimental window of ~100 ms.

In figure 4 photodetachment cooling is studied for C; at 10 K after electron cooling to the liquid helium
Penning trap environment [67]. At this temperature the cooling is initialized with identical trap and laser
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parameters as in figure 3. The result of the Monte Carlo simulation using 1100 C; molecules is depicted in

figure 4(a). The mean kinetic energy of all anions is calculated from the square of the mean velocities from the
histograms shown in figure 4(b). A temperature reduction of a factor of ~5.5 is seen for a C; number decrease by
afactor of 2.5 after ~0.32 ms. Figure 4(c) plots the thermalization of C; and photoelectrons for alonger time
scale >0.32 ms using rate equations [45] for two different E, . A window of approximately 10 ms can be used to
perform measurements on cold anions which is sufficient for spectroscopic analysis of C; of any
sympathetically cooled negative species or pulsed antihydrogen formation [21].

4. Summary

A detailed computational study including all influencing trapping and optical parameters was performed using
GPU aided simulations for laser cooling of C; anions and the sympathetic cooling of p stored in Penning traps.
Photodetachment cooling is discussed for the first time as an accessible method to generate anions in the
subKelvin regime. For the typical density and temperature range investigated, this scheme relies on a system of
only two commercially available lasers and allows for an approximately 10 ms long time window at ultracold
temperatures for experimental measurements. The time window is found to be robust for a wide range of
photodetachment energies. Further it was shown, by investigating Doppler cooling, that C; could be a suitable
sympathetic coolant for p in cryogenic environments enabling their preparation at lower temperatures than
currently achieved. Additionally, starting photodetachment cooling at even lower energies, e.g. after Doppler
cooling or using a trap at dilution refrigerator temperatures could potentially assist in the preparation of an
ensemble of mK p. This step would permit the resonant charge exchange formation of ultracold antihydrogen
[21] (by employing available pulsed positronium sources [68]) and thus allows sensitive studies of CPT
symmetries and of the WEP with neutral antimatter systems.
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