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Abstract
We theoretically and computationally investigate the cooling of antihydrogen, H̄, using optical
molasses cooling. This updates the results in Donnan et al (2013 J. Phys. B: At. Mol. Opt. Phys.
46 025302) to the current capabilities of the ALPHA experiment. Through Monte Carlo
simulation, we show that H̄s do not give the standard cooling even in an ideal optical molasses
because of their small mass and large transition frequency. For optical molasses cooling in the
ALPHA trap, the photons are constrained to travel in one direction only. It is only through the
phase space mixing in the trap that cooling in all directions can be achieved. We explore the
nontrivial role that laser intensity plays in the cooling. We also investigate the possibility for
simultaneously cooling atoms in either of the trapped ground states.
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1. Introduction

The antimatter version of the hydrogen atom, H̄, is the simplest
atomic antimatter and as such offers several possibilities for
high precision comparison with hydrogen atoms. Cold H̄
atoms were magnetically trapped 14 years ago [1] enabling
measurements of its properties. Proposed and actual compar-
isons included the 1S-2S transition frequency [2, 3], the hyper-
fine ground state splitting [4, 5], charge [6–8], and acceleration
from gravity [9, 10]. Other possible measurements (e.g. 1S-3S
or 2S-nS or 2S-nP) of sufficient accuracy would constrain the
charge radius of the antiproton as has been done for the proton
[11].

The mechanism forming H̄, three body recombination
[12–14], leads to center of mass temperatures comparable to
that of the positron plasma. Since the magnetic trap only holds
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atoms with less than∼1/2K energy, the accuracy of measure-
ments are limited by the relatively high H̄ velocities. The need
for colder H̄ atoms led to several proposals for different types
of laser cooling and a successful implementation of an optical
molasses cooling based on the 1S-2P transition [15].

Whatever differences between normal hydrogen and H̄
atoms exist, they will be small. Thus, different methods used
to cool normal hydrogen could serve as possible templates
for cooling H̄ [16–23]. However, two important constraints
eliminates many methods or limits their effectiveness. The
first is that collisional type cooling (e.g. evaporative cooling
or sympathetic cooling) is unavailable due to the extremely
low density (<103 cm−3) of H̄ in the trap and the annihil-
ation of H̄ on normal matter. The second constraint derives
from the geometry of the trap and the sources of the magnetic
fields reducing the effectiveness of laser cooling techniques.
For example, the coils that shape the magnetic fields limit the
spatial dependence of the magnetic field to relatively smooth
variations. Another example is the laser access leads to a small
number of laser beams most constrained to near the axis of the
trap.

The most promising cooling technique, and the only one
successfully implemented [15], is a simple optical molasses
based on the 1S-2P transition. The laser in this experiment is
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a nearly Fourier transform limited pulsed laser with the pulse
duration a couple 10’s of nanoseconds and the linewidth of
a few 10’s of MHz. For this case, a single 121.6 nm beam,
somewhat red detuned from the transition in the magnetic
field, cools the axial motion of the H̄ atoms. For this geo-
metry, the random re-emission of the photon tends to heat the
radial motion. Because the magnetic trapping potentials are
not perfectly symmetric, the H̄ motion mixes the axial and
radial degrees of freedom [24, 25] which can lead to cooling of
all three directions [15, 26]. The intensity of the laser has to be
sufficiently low that there is time for the mixing to take place
between successive photon scattering otherwise the atoms will
heat on average. This heating is strongest for smallest detun-
ing where the photon scattering rate is largest. The spatially
varying magnetic field also complicates the photoabsorption
by giving substantial changes in the detuning versus position
in the trap.

There are three main updates to [26]. First, we recognize
that some of the changes from optimal detuning are due to
the small mass and large frequency of the cooling transition
(section 3). Second, we use magnetic fields and laser paramet-
ers more representative of the ALPHA experiment (section 4)
leading to lower simulated temperatures. Lastly, we describe a
possible method for simultaneously laser cooling the 1Sc and
1Sd trapped populations (section 5) leading to an important
improvement to precision measurements.

In this manuscript, we revisit the simple optical molasses
for hydrogen atoms because the large frequency of the 1S-
2P transition and small atom mass leads to nonstandard res-
ults. We describe the Monte Carlo simulation of the optical
molasses cooling in the ALPHA trap. We describe why cool-
ing both trapped populations is not possible for a single fre-
quency but can be accomplished for 2 or more frequencies.
We give results that indicate the role played by detuning and
the intensity.

2. Energy levels in magnetic field

In the ALPHA experiment, H̄s are laser cooled in a magnetic
trap with a minimum B∼ 1 T [15]. This means the energy
levels are strongly changed from their low (or zero) field char-
acter, figure 1. Rasmussen et al [27] discusses the energy
levels. The energies in a magnetic field are labeled with a
Roman letter at the end which, by convention, increases from
low to high energy for 1S states while increasing from high to
low energy for the 2P states (as ordered for small B). There are
two 1S states that can be trapped called the 1Sc and 1Sd states.
The 1Sd state has the positron and antiproton spin aligned; in
the 1Sc state, they are antiparallel. To prevent losses from the
photon emission step, the laser will excite the 2Pa state which
has the positron spin and orbital angular momentum aligned
to give total positron angular momentum J= 3/2,M= 3/2.
Because of the different magnetic moments, the transition fre-
quency for the 1Sc-2Pa transition is approximately 675MHz
higher than that for the 1Sd-2Pa transition at 1 T. The differ-
ence in frequencies does not change much with increasing
B; for example, at B=0.5 T, the difference in frequencies is

Figure 1. The splittings of the 1S and 2P states relative to their zero
field average. The hyperfine terms of the 2P states are too small to
resolve. The inset shows the 1Sd and 1Sc states near 1 T.

660MHz while the difference in frequencies is 680MHz at
1.5 T.

The hyperfine splitting of the 2P states is several 10’s MHz
compared to the order 10 GHz splitting of the states. Thus,
the antiproton spin is nearly decoupled from the positron total
angular momentum, J, at the∼1 T of the ALPHA experiment.
The 1Sd-2Pa transition is exactly closed because all of the
angular momenta are aligned. The 1Sc-2Pa transition is not
exactly closed because the 1S state, with a more than 10× lar-
ger hyperfine splitting than 2P, has more mixing of the wrong
direction antiproton spin. After the 1Sc-2Pa transition, the 2Pa
state decays to the 1Sa state with a branching ratio from per-
turbation theory of

B =

(
1.42 GHz

4× 14.0 (GHzT−1)×B

)2

(1)

where the numerator is from the 1S hyperfine splitting and the
denominator is from the Zeeman splitting when flipping the
positron spin. For B∼ 1 T, the branching ratio is∼6.4× 10−4.
Thus, the cooling of the 1Sc population in the ALPHA trap
should use less than ∼100 photons to lose less than 10% of
the population to spin flip. The H̄ can be cooled to steady state
with less than∼100 photons so the spin flip is not a problem as
long as the cooling is not overextended. For smaller B, the spin
flip losses are larger and could become a serious issue below
∼0.1 T.
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3. Monte Carlo: no magnetic trap

As discussed in the introduction, laser cooling of trapped H̄ is
complicated by the changing transition frequency due to the
motion through the spatially varying B-field. The cooling is
also complicated by the fact that the photons only travel in
one direction and thus can only cool one component of the
velocity. Cooling of all directions relies on the motion through
the trap to mix the velocity components. To help with under-
standing the changes to optical molasses cooling due to the
special circumstances of the ALPHA trap, we present in this
section results when the restrictions of the trap are removed.
Section 3.1 reminds the reader of a small energy shift in the
laser tuning that arises from the small mass and large trans-
ition frequency for H̄. Section 3.2 describes an algorithm for
laser cooling similar in form to that used in the theory of the
actual trap but idealizes the physics by having fast mixing of
the velocities and neglecting the frequency shift with position;
because of the small mass and large transition frequency, this
treatment does not lead to the standard optical molasses tem-
perature versus detuning.

3.1. Energy shift

A well known recoil term is usually left out in descriptions of
laser cooling, due to its smallness in determining the energy
conservation of the transition. For H̄ cooling, this term is
large enough that it could cause some changes in the results.
Consider the energy before and after the photon absorption

Eg+
1
2
Mv2 + h̄ω = Ee+

1
2
M|⃗v+ v⃗k|2 (2)

where Ee,g are the internal excited, ground state energies,M is
the mass of the atom, v⃗ is the atom velocity before the photon
absorption, f = ω/(2π) is the frequency of the photon, and
v⃗k = h̄⃗k/M is the recoil velocity from the photon absorption
with k the photon wave number. Solving for ω gives the res-
onance condition [28]

ωr (⃗v) =
Ee−Eg

h̄
+ v⃗ · k⃗+ h̄k2

2M
= ω0 + v⃗ · k⃗+ h̄k2

2M
(3)

with ω0/(2π) the nominal resonance frequency, v⃗ · k⃗ is from
the Doppler effect, and the last term is a recoil contribution to
the energy.

Typically, the last term is dropped because it is much smal-
ler than the linewidth or other interesting energy scales. For H̄,
this term corresponds to a frequency of 13.4MHz, approxim-
ately 13% of the linewidth. In all that follows, we will consider
this term to be added to the ω0.

3.2. Ideal optical molasses

In this section, we describe a method for Monte Carlo sim-
ulations of laser cooling of H̄ using an ideal optical molasses
[29].We use a simplifiedmethod that can easily be extended to
simulate cooling in the full trap, section 4, but does not include
the shift in detuning nor the changing velocity as the H̄ moves

through the trap but only changes the direction of the velocity
vector on a time scale short compared to the times between
the laser pulses. Ideal optical molasses cooling assumes the
photon has a wave vector, k⃗, in a random direction relative to
the atom’s velocity, v⃗. The Doppler effect leads to an effective
detuning of

∆= ω−ωr (⃗v) = ∆0 − k⃗ · v⃗ (4)

where ∆0 = 2πδf with δf the frequency detuning of the laser
in the lab frame including the shift described in the previous
section. A negative detuning leads to more absorption when
the atom’s velocity is opposite to the photon propagation dir-
ection resulting in a kick from the absorption step tending to
slow the atom. For the ideal optical molasses, we will take the
photon emission to be in a random direction which leads to
heating on average. After one absorption and emission event,
the velocity changes by

v⃗→ v⃗+
h̄⃗k
M

− h̄⃗kemit

M
. (5)

When h̄k/M is small compared to the atom speed, then the
ideal optical molasses leads to the lowest average atom kin-
etic energies when ∆0 =−Γ/2 with Γ the decay rate of the
excited state. For this detuning, the minimum average energy
is ⟨E⟩min = 3h̄Γ/4 corresponding to kBTmin = h̄Γ/2 where kB
is Boltzmann’s constant [29]. For general detuning, the ideal
optical molasses gives a steady state temperature [29]

kBTom =− h̄Γ
4

[
1+

(
2∆0

Γ

)2
]

Γ

2∆0
(6)

where we have assumed the Rabi frequency of the transition,
Ω, is much smaller than Γ so that power broadening can be
ignored.

Our Monte Carlo simulation of the ideal optical molasses
used the following algorithm: (1) for each ofN atoms, random-
ize the direction of the atom’s velocity by keeping its speed
but changing the direction by randomly picking a point on the
surface of a sphere and for that atom compute the effective
detuning, equation (4); (2) compute the probability that the
photon was absorbed using P= P0/[1+(2∆/Γ)2] with P0 a
small number of order 0.01; (3) compute a random number;
if it is smaller than P, then a photon was absorbed; (4) if a
photon is absorbed, compute a random emission direction and
use equation (5) to update that atom’s velocity. If we wanted
to simulate the effect of thermalization from elastic collisions
between the atoms, we added a step: (5) randomly pick pairs of
atoms and rotate their relative velocity to emulate a collision;
repeated often enough step (5) leads to a Maxwell–Boltzmann
velocity distribution at temperature kBT= (2/3)⟨KE⟩.

For H̄ cooled on the 1S− 2P transition, k≃ 2π/121.6 nm,
Γ≃ 6.26× 108 s−1, and M is the hydrogen atom mass. The
recoil velocity h̄k/M≃ 3.26m s−1 and the recoil energy
h̄2k2/2M≃ 8.87× 10−27 J≃ 0.642mKkB. For an ideal
optical molasses, the expected lowest temperature is Tmin ≃
2.39mK for detuning ∆0 =−Γ/2.
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Figure 2. For an ideal optical molasses, the steady state
temperature using the Monte Carlo method versus the lab frame
detuning in units of Γ. For (a), there is no collision between the
atoms to achieve a Maxwell-Boltzmann velocity distribution. The
different lines are for different H̄ masses to illustrate the role that the
small atomic mass plays in the steady state temperature: blue long
dash (1M), green dash (2M), black dot (4M), orange dash-dot (8M),
maroon dash-dot-dot (16M), and red solid is the ideal case,
equation (6). For (b), we compare the effect that elastic collisions
leading to thermalization has on the steady state temperature: no
collisions [blue long dash (1M), green dash (2M)], with collisions
(orange dash-dot (1M), maroon dash-dot-dot (2M)).

The results of the simulations are shown in figure 2.
Figure 2(a) shows the results of the simulations when we did
not include collisions between the atoms, skipping step (5) of
the algorithm. This figure shows the results when the photon
wavelength is kept at 121.6 nm but we artificially change the
mass of the H̄ from 1 to 16 times the actual mass by factors of 2
in order to illustrate the role that the small atomicmass plays in
the change of the steady state temperature from the ideal result
of equation (6). The blue long-dash curve is for the actual H̄
mass. The red solid curve is the ideal case, equation (6).

The minimum temperature that can be reached for 1M
happens for a detuning of ∆0 ≃−1.1Γ and gives T≃
3.05mK. The temperature for 1M at ∆0 =−Γ/2 (the min-
imum of equation (6)) is ≃19 mK which is almost 8× hot-
ter than expected from the usual optical molasses relations.
From figure 2(a), the higher masses become progressively
closer to the ideal optical molasses case, red solid line. The

reason for the discrepancy is the large size of the velocity
kick, 3.26m s−1, compared to the thermal speed

√
kBT/M∼

4.4m s−1 at 2.39mK (the minimum for the ideal optical
molasses). This is similar to the finding in [30] where the best
detuning and lowest temperature changes as the recoil energy
becomes larger than the line width. Interestingly, the 1M tem-
perature is less than the ideal case by∼0.9mK for larger mag-
nitude detunings,∆0 <−Γ.

In the antihydrogen traps, the H̄ density is too low for
elastic collisions to play a role in thermalizing the distribu-
tion. However, in other atomic experiments of hydrogen, the
density might be high enough for elastic collisions to play
a role. In figure 2(b), we show the results of laser cooling
while including elastic collisions between the atoms to give a
Maxwell–Boltzmann distribution.We show the results without
(blue long dash and green dash curves) and with (orange dash-
dot and maroon dash-dot-dot) elastic collisions. The colli-
sions allow for lower temperatures for 1M and 2M. The dif-
ference arises because the no collision case leads to a few
atoms with quite high kinetic energy. The collisions bring
them back to lower speeds where they can be more efficiently
cooled.

4. Monte Carlo: antihydrogen trap

The Monte Carlo simulation of cooling in the ALPHA trap
is more complicated than the algorithm in the previous section
because the atoms are confined tomove in amagnetic trap. Our
simulations are similar to those in [26] but with details updated
for the current ALPHA trap. Also, see [27] for an overview for
how the H̄s are trapped and probed.

Some of the features specific for the optical molasses cool-
ing include the path of the laser which is a straight line with
a 2.3◦ tilt relative to the trap axis taken to be the z-direction.
Thus, the k⃗ is a constant. The motion of the H̄ through the
trap mixes the different velocity components possibly allow-
ing for three dimensional cooling. Since this mixing is relat-
ively slow, the detuning and intensity need to be chosen to
limit the heating of the radial motion due the photon emis-
sion step. The beam has a waist of 3.48mm. On the trap axis,
B⊥/Bz < 0.0003 while at a radius of 5mm the B⊥/Bz < 0.05
which means the direction of B⃗ has little effect. The laser is
pulsed with a duration of 10’s of nanoseconds and with repeti-
tion rate of 50Hz. The intensity is low enough that much less
than one photon is scattered from an H̄ per pulse on average.
The laser cooling happens over a time scale measured in hours
which is possible due to the cryogenic vacuum.

Because the atoms are in a large B-field, only one of the two
trapped states can be cooled if the laser frequency is held fixed.
To give an idea, the 1Sc-2Pa transition at B= 1T is approxim-
ately 675MHz higher frequency than the 1Sd-2Pa while the
linewidth is approximately 100 MHz. If the laser is set to cool
the 1Sd H̄s, then there is almost no photons scattered by atoms
in the 1Sc state.While if the 1Sc H̄s are cooled, the 1Sd H̄s will
be heated because the laser will be blue detuned relative to this
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Figure 3. The magnetic fields for the four simulations described in
the text. The red solid line is the ‘flat’ B-field, section 4.1 and the
blue long dash line is the ‘harmonic’ B-field, section 4.3. The green
dashed and black dot curves are the slightly dipped and raised traps
of section 4.2. The z is the distance from the trap center along the
trap axis. The change in potential energy for the H̄ motion is
approximately 2/3 KT−1, meaning 0.03 T corresponds to
20 mK kB; the change in detuning of the 1Sc or 1Sd to 2Pa is
approximately −14MHzT−1 meaning 0.01 T change corresponds
to 140MHz redder detuning.

transition. A possible method for cooling both trapped states
to the same extent is discussed in section 5.

Because the emission is from an ℓ= 1, |m|= 1 state to an
ℓ= 0 state, the probability for emission into different direc-
tions is not uniform. If θ is the angle between the B-field dir-
ection and the photon emission direction, the probability for
photon emission into a solid angle dϕd(cosθ) is proportional
to 1+ cos2 θ. This somewhat suppresses the emission perpen-
dicular to B⃗ relative to an isotropic distribution. Suppressing
perpendicular emission helps with cooling in the ALPHA trap
because heating of the perpendicular directions due to photon
emission is one of the limiting factors.

One of the important features is that the detuning of the
photon depends on the position in the trap as well as the
Doppler shift. The reason for this is the B-field changes with
position in the trap and the 1S− 2P resonance frequency
increases with increasing B-field. For negative detuning, the
detuning becomes increasingly negative with increasing B-
field. Figure 3 shows the magnitude of the B-field on the trap
axis as a function of the position on the axis relative to the trap
center. There are five mirror coils and two solenoidal coils that
are used to shape the B-field on the axis. The red solid line is
a flat field similar to that used in the 1S2S spectroscopy meas-
urements in [3]. The blue long dash line gives amore harmonic
trap used in some of the simulations below. The green dashed
and black dot curves are the slightly dipped and raised traps of
section 4.2.

The B-field scale can be converted to an energy scale by
using the magnetic moment for the 1S state which is approx-
imately 2/3KT−1. This means that a 0.03 T change in B-
field is a 20mK kB change in potential energy. The change in

the detuning is approximately−14MHzmT−1. Thus, a 0.03 T
increase in B-field gives a 420MHz more negative detuning.

The laser line width, estimated as 60MHz full-width half-
maximum (FWHM), also modestly affects the results since
the intrinsic linewidth is approximately 100MHz. The laser
line width is incorporated into the simulation by having each
pulse at a slightly different detuning randomly chosen from a
Gaussian distribution with a FWHM of 60MHz. This leads
to an effectively broader transition although the effect is
not large. This should be a good approximation because the
internal states are effectively a two level system (the next
allowed transition with similar transition matrix element is
detuned by approximately 300 linewidths), the laser pulses are
separated by sufficient time that there are no atomic coher-
ences (either in position or internal states) between the pulses,
the laser pulses are nearly Fourier transform limitedwith a dur-
ationmore than ten times longer than the lifetime, and the peak
Rabi frequency is much less than the 2P decay rate. We veri-
fied that this is a very good approximation (errors less than a
couple percent) by comparing to the results from numerically
solving the Optical Bloch equations for the same laser para-
meters. In all of the figures and results, the linewidth, Γ, is the
natural radiative linewidth of the 2P state.

Donnan et al [26] investigated the cooling from a hot dis-
tribution. This requires a large amount of time to reach steady
state because many of the trajectories only rarely cross the
laser beam. One can use a short cut by starting with cold ini-
tial conditions and letting the atoms come to a steady state.
This allows a much faster determination of the steady state.
We launched the H̄s from a small region in the center of the
trap with a thermal velocity distribution so the average initial
energy is similar to the final, steady state energy. We ran the
trajectories for either 1 or 3/2 simulation hours in the laser to
ensure a steady state was achieved.

Because the laser is approximately on the axis, it is pos-
sible that the laser cools the axial motion but heats up (or
does not cool as well) the radial motion. After the H̄s reach
steady state, we compute the averages Tz ≡ 2⟨KEz⟩/kB and
Tr ≡ ⟨KEz+KEy⟩/kB while the laser is on. We also calculate
the average energy of the H̄s. In the flat field, the average
energy is approximately 2kBT for thermal distributions with
T<∼50mK.

4.1. Cooling in a flat field

Figure 4 compares the steady state temperatures for two dif-
ferent laser energies per pulse: 1 nJ or 2 nJ. These calculations
were done for the flat field in figure 3. For comparison, the
ideal case for 1M from figure 1 is included as the blue long
dash line. Both the Tz and Tr are shown in (a) while the com-
bination T= (2Tr+Tz)/3 is shown in (b). At larger detuning,
all of the temperatures are approximately that for the ideal
optical molasses for 1M. However at smaller detuning, the
temperatures in the trap tend to be higher than the ideal case
with Tr > Tz. Also, the Tr is larger for the 2 nJ pulses than for
the 1 nJ pulses. As the magnitude of the detuning decreases,
this effect becomes larger and is notable for |∆0|< 3Γ. This
indicates that the coordinate mixing by the H̄ motion through
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Figure 4. Comparison of steady state temperatures versus detuning
for different pulse energy. The calculations were done for the flat
field of figure 3. In both (a) and (b), the blue long dash is the same as
the 1M in figure 2. For (a) the curves are: red solid (+) Tz for 1 nJ,
green dash (×) Tr for 1 nJ, black dot (∗) Tz for 2 nJ, orange dash-dot
(open square) Tr for 2 nJ, maroon dash-dot-dot (solid square) Tz for
2 nJ with artificial mixing, and purple dash-dot-dot-dot (open circle)
Tr for 2 nJ with artificial mixing. For (b) the curves are: red solid
(+) T= (2Tr+ Tz)/3 for 1 nJ, black dot (∗) T for 2 nJ, and maroon
dash-dot-dot (solid square) T for 2 nJ with artificial mixing.

the trap is too slow to keep up with the cooling in z and heat-
ing in r. The rate for scattering photons increases as the |∆0|
decreases. Roughly speaking, the mixing in the trap can keep
up with the cooling of z and heating in r for |∆0|> 3.5Γ but
cannot for smaller detuning. Also, the mixing rate decreases
as the axial motion is cooled which can lead to radial heat-
ing if the axial cooling is too fast. Because more photons are
scattered with 2 nJ pulses, the effect is larger for the larger
intensity.

For a clearer picture of this effect, we repeated the sim-
ulation but added artificial mixing into the coordinates. This
was done by randomly making small changes to the direction
of the H̄ velocity. We chose parameters so that ⟨⃗v(t) · v⃗(0)⟩=
v2(0)e−t/T with T = 50 s when there are no trapping forces.
These are the artificial mixing curves in figure 4 which are
at much lower temperature and more closely track the ideal
molasses case at small |∆0|. In [26], the lowest average energy
in table 2 was 32mK which corresponds to a temperature
of ∼16mK. This result is substantially hotter than figure 4
because substantially higher energy laser pulses were used:

50 nJ with 10Hz repetition rate and circular polarization. The
current simulations with 2 nJ at 50Hz repetition rate and lin-
ear polarization is effectively 10× fewer photons per second.
This is also why the simulations in [26] were for only a couple
100 seconds while the current simulations are for 1000’s of
seconds.

4.2. Cooling in a slightly dipped or raised field

We simulated cooling when the middle mirror coil is used to
generate a dip in the magnetic trap, figure 3 green dash curve.
This leads to a clear minimum of ∼2mT compared to the flat
field. On an energy scale, this corresponds to ∼4/3mK kB
which is much smaller than the scale in figure 4.We also simu-
lated a small hump by changing the current in the middle mir-
ror, figure 3 black dot curve, with a clear maximum of ∼2mT
compared to the flat field. Because these are small changes in
energy compared to the temperatures in figure 4, it might be
expected that the results will not be much different from the
previous section.

Similar to a result in [26], we found that the H̄ coldest tem-
perature was a bit higher than in the flat trap for the slightly
dipped field. The H̄ coldest temperature was approximately
10% higher than in the previous section. We also found the
H̄ coldest temperature was a bit lower than in the flat trap for
the slightly raised field. In these two cases, the Tz was hardly
changed from that for the flat field. The changes were in the Tr
and reflect the longer or shorter mixing times of the trajectories
in the dipped or raised field.

4.3. Cooling in a nearly harmonic trap

The harmonic trap, blue long dash curve in figure 3, has only
a tiny region where the detuning has smallest magnitude. This
suggests that the problems with the photon scattering rate
being higher than the coordinate mixing rate will be less. The
actual case is that the harmonic trap has much smaller mixing
rate between the coordinates. We find that the temperature dif-
ferences are much more extreme than the previous section. For
example, at ∆0 =−3Γ and 2 nJ, Tz ≃ 6mK and Tr ≃ 24mK
for the harmonic trap while the flat trap has ≃6 and ≃9mK.
Thus, nearly harmonic traps appear to be a poor choice for
laser cooling of only the axial motion. Similarly, making a
much larger hump in the previous section also leads to less
effective cooling because the two side wells become more har-
monic like.

5. Simultaneous cooling 1Sc and 1Sd

Because magnetic fields in the ALPHA experiment slowly
drift with time, measurements that require both trapped states
(e.g. [5]) requires simultaneous measurements of the 1Sc and
1Sd trapped populations for high accuracy. This is straightfor-
ward when measurements are performed on uncooled popula-
tions. There are no mechanisms to distinguish the formation of
antiproton up versus down states which is the main difference
between 1Sc and 1Sd.
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Unfortunately, problems arise when laser cooling both pop-
ulations and trying to achieve the same distributions for each.
The 1Sc-2Pa transition frequency is 675MHz larger atB∼ 1 T
than the 1Sd-2Pa. Detuning to −250MHz for the 1Sd-2Pa
transition gives −925MHz detuning for the 1Sc-2Pa trans-
ition. Thus, the cooling is extremely slow for the 1Sc states
and the final distribution is at a substantially larger temperat-
ure with, essentially, uncooled H̄s [15]. In principle, the 1Sc
and 1Sd states could bemixed usingmicrowaves with frequen-
cies less than 1GHz, but such long wavelength light does not
propagate down the ∼22 mm radius ALPHA trap; this would
require a special resonator and microwave input in the next
generation trap.

One possibility that would lead to nearly the same distri-
butions would use (say) −250MHz detuned for the 1Sd-2Pa
transition (−925MHz detuning for 1Sc-2Pa), then 675MHz
higher than this (425MHz detuning for 1Sd and −250MHz
detuning for 1Sc), and then 675MHz higher (1100MHz
detuning for 1Sd and 425MHz detuning for 1Sc). If these fre-
quencies are interleaved, the very far off resonance photons
(1100MHz for 1Sd and−925MHz for 1Sc) would contribute
almost no cooling or heating. The idea is to use only the low-
est frequency until the 1Sd H̄s reached a steady state. Then
the laser pulses would alternate between f or f + 675MHz.
After the 1Sc are also cooled, then the frequencies would cycle
f then f + 675 then f + 1350MHz (repeat) so both popula-
tions experience the same cooling. This method would work if
interleaving (say) −250MHz detuning with 425MHz detun-
ing leads to steady state cold atoms in the 1Sd state.

Before treating the cooling in the ALPHA trap, we exam-
ine the stability of the ideal optical molasses with two fre-
quencies. Figure 5(a) shows the steady state temperature for
ideal optical molasses for 3 different H̄ masses: 1M, 2M,
and 4M. Three of the curves are when there is only one fre-
quency and are the same as figure 2(a): blue long dash (1M),
green dash (2M), and black dot (4M). The red curve is the
ideal optical molasses, equation (6). Three of the curves are
the steady state temperature when two frequencies are used:
orange dash-dot (1M), maroon dash-dot-dot (2M), and purple
dash-dot-dot-dot (4M). We first ran at detuning ∆0 until a
steady state was reached. Then the laser pulses alternated
between ∆0 and ∆0 + 2π675 MHz. As expected, alternating
with a blue detuned pulse leads to hotter steady states. The 2M
and 4M cases behave more as we were expecting: the smaller
|∆0| being less affected by the blue detuned photons. The 1M
case does not behave in quite the same way. Probably this is
because smaller |∆0| leads to stronger heating for 1M (see the
blue long dash curve). The hotter H̄s interact more strongly
with the blue detuned pulses which increases their temperat-
ure further. Despite this, the orange dash-dot curve has a region
−2Γ<∆0 <−Γ of nearly unchanged cooling. Comparing
this region to the steady state temperatures in figure 4(b), sug-
gests that two frequency cooling might work in the ALPHA
trap.

The results from simulations in the trap are shown in
figure 5(b) as the green dash (×) for 2 nJ pulses and maroon
dash-dot-dot-dot (solid square) for 1 nJ pulses. There appears

Figure 5. (a) Is similar to figure 2(a). Four curves are from this
figure where the ideal one frequency optical molasses cools H̄s with
different masses to a steady state temperature: blue long dash (1M),
green dash (2M), black dot (4M), and red solid is the ideal case,
equation (6). Three of the curves use the two frequency cooling
where every other photon pulse has detuning ∆0 or
∆0 + 2π 675MHz. The curves are: orange dash–dot (1M), maroon
dash–dot–dot (2M), purple dash–dot–dot–dot (4M). (b) The orange
dash–dot is the same from (a) while the black dot (∗) is
T= (2Tr+ Tz)/3 from the constant full simulation in the ALPHA
trap with 2 nJ pulses, figure 4(b). The green dash (×) is the two
frequency results for 2 nJ and the maroon dash–dot–dot (solid
square) is the two frequency results for 1 nJ.

to be a small range of detuning (roughly −3Γ<∆0 <−2Γ)
that leads to decent cooling even with the heating from the
blue detuned frequency. This range is narrow because the cool-
ing in the trap without the blue detuned pulses is not good for
−2Γ<∆0 and the blue pulses lead to heating for∆0 <−3Γ.
The two detunings −2.5 and −2Γ have nearly the same tem-
perature as the one frequency case (these are the black dot
(∗) and red solid (+) curves). The simulations are somewhat
unrealistic in that the frequency was held constant for 1 second
before switching to a different frequency. In practice, the fre-
quencies probably cannot be switched that often. However, it is
only necessary to change the frequencies on a time scale where
a small number of photons are scattered before the change.
Depending on the trap and laser details, probably this would
be on the several minute scale. These simulations suggest that
the 1Sc and 1Sd states can be simultaneously cooled in the
ALPHA trap.
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6. Summary

Laser cooling of H̄s has been demonstrated in [15]. We have
updated the laser cooling results of [26] to better reflect the
parameters of the ALPHA experiment. The update includes
laser parameters and magnetic field simulation.

Simulations show that even ideal optical molasses is com-
plicated for H̄s. For ideal optical molasses, the optimum detun-
ing is∆0 =−Γ/2 leading to aminimum temperature of kBT=
h̄Γ/2 where Γ is the decay rate of the upper state. Because
H̄s are cooled on the 1S− 2P transition, the small mass and
large photon energy leads to relatively large recoil velocity and
energy. For untrapped H̄s, we find that the optimum detun-
ing is ∆0 ≃−1.1Γ with a minimum temperature of kBT≃
1.28h̄Γ/2; a detuning ∆0 =−Γ/2 leads to a temperature
kBT∼ 8× h̄Γ/2.

The spatially varying magnetic fields of the ALPHA trap
adds a complication to the cooling due to the constrained
geometry for the laser. Three dimensional cooling relies on
the atom motion to scramble the velocity vector. For per-
fectly separable motion in x,y,z, the atoms could not be
cooled. Larger energy per laser pulse leads to a higher photon
scattering rate which means the atoms’ motion along the
laser can be cooled faster. However, the limits of velo-
city mixing means that larger energy per pulse can lead to
higher steady state temperature. Larger energy per laser pulse
requires larger magnitude detuning to reach lower temperat-
ures. For the cases simulated, the lowest temperatures were
achieved with a detuning∆0 ∼−2.5Γ. We also simulated dif-
ferent shapes for the magnetic trap which can affect the final
temperature.

We also simulated the possibility for simultaneously cool-
ing the 1Sd and 1Sc populations. The large magnetic field of
the ALPHA trap leads to a 675MHz detuning between the
transitions starting in the 1Sd and the 1Sc states. By inter-
leaving three frequencies in the laser pulses, we found a small
region of detuning where both populations can be cooled to
the ∼10mK regime.

Although we have not simulated the following modifica-
tions, the outcomes seem to follow from the results presen-
ted above. One possible modification would be to increase the
angle of the laser with respect to the trap axis. While this is
not possible in the current ALPHA experiment, a larger angle
(say between 20 and 40◦) would directly cool two of the spatial
coordinates (for example, x and z) and only require mixing of
the coordinate perpendicular to the plane defined by the laser
and the trap axis. Another possibility is to use stronger laser
pulses with larger detuning early in the cooling cycle and then
transition to weaker pulses and smaller detuning near the end
of cooling; this should lead to faster cooling at early times and
lower temperatures at later times.
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