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Achieving a high population of antihydrogen and hydrogen atoms in the 2§ level is essential for spectroscopy
measurements testing similarities between matter and antimatter. We propose and examine the efficiency of
applying the STIRAP (stimulated Raman adiabatic passage) process in achieving high population transfer from
the 1§ to the 2S levels. We utilized a circularly polarized Lyman alpha (Ly-«) pulse to couple the 1S state
to the 2P state and a microwave pulse to couple the 2P state and the 2§ state. We calculate the efficiency of
the STIRAP process for transferring the population between the stretched states (1S,, 2S,) as a function of
experimental parameters such as Rabi frequencies and pulse durations. We find that a Ly-« pulse with an energy
of a few nanojoules could produce nearly perfect transfer at zero detunings for atoms on the laser beam axis. We
extended the analysis to a thermal ensemble of atoms, where Doppler detuning affects the velocity distribution of
the hydrogen atoms produced in the 2§ level. We found that the width of such velocity distribution is controlled
by the Rabi frequency. We show that the peak velocity of the hydrogen atoms in the 25 level after STIRAP can
be controlled by the Ly-« pulse detuning. The efficiency of STIRAP in transferring population increases at low
temperature (7 ~ 1 mK). Finally, we show that a background magnetic field improves the transfer rates between

the other trappable states (1S, 2S.).

DOLI: 10.1103/wx74-xg4j

I. INTRODUCTION

The 2S5 level of the hydrogen atom is a metastable state with
a lifetime of 0.12 s, which is about eight orders of magnitude
longer than the 2P state [1]. The 1S-2S transition is a good
candidate for precision measurement experiments [2]. For
instance, it is used in testing the CPT (charge conjugation,
parity, and time reversal) symmetry of the standard model
[3]. These tests are achieved by comparing the different fine
and hyperfine splittings of the hydrogen and antihydrogen
atoms [4-6]. Besides increasing the accuracy of the 1S-2§
transition frequency, future experiments to evaluate the anti-
hydrogen Rydberg constant as well as the antiproton radius
require two independent transition frequency measurements.
A good candidate for such measurements are transitions from
the 25 level to higher levels of the antihydrogen atoms. These
measurements would benefit from a large population of an-
tihydrogen atoms in the 2S5 level. One of the aims of this
work is to show that the stimulated Raman adiabatic passage
(STIRAP) process could produce useful populations of atoms
in the 25 level with lower pulse intensities and thus negligible
ionization rates.

Typically, the 1S-2§ transition of the hydrogen atom is
achieved by using two counterpropagating photons of wave-
length 243 nm each [1,7]. This approach removes the net
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first-order Doppler shift; thus it mostly eliminates the Doppler
broadening effects and produces a narrow transition linewidth.
Additionally, the hydrogen atoms do not experience recoil
when absorbing the two counterpropagating photons. There-
fore, this scheme is useful for spectroscopy measurements of
the 15-2§ transition. However, when the aim is to produce
a large population of hydrogen atoms in the 2 level, it can
face some challenges. For instance, the 1S-2§ transition is
highly nonresonant in the first 243 nm photon of this scheme.
Thus the transition requires high laser intensities and energies
[1,5] reaching orders of magnitude 10’ Wm~2 and 10731,
respectively, for meaningful transition probabilities. At such
high intensities, the rate of photoionization from the 2 state
becomes high [8], thus reducing the efficiency of the 1S5-2§
transfer process. The current efficiency of such a scheme in
the literature is about 0.1% [8]. However, as far as we know,
that technique has not been optimized to produce maximum
population transfer. Other studies have investigated popula-
tion transfer through the continuum [9-11]. However, in [11]
it was shown that when such technique is applied to hydrogen,
the ionization rates are comparable to those seen in the 243 nm
photons scheme.

In this work, we simulate the implementation of a STIRAP
process to transfer hydrogen or antihydrogen atoms from the
LS to the 2S level. We use the 2P level as the intermediate
state, relying on the resonant dipole transitions between the 2P
levels and both the initial 1S and the target 25 levels. Two radi-
ation pulses are utilized; the probe (P) pulse, which is a Lyman
alpha pulse (Ly-«), that couples the 15 and the 2P levels and a
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Stokes (S) pulse which is a microwave pulse that couples the
2P and the 2S levels. The required Ly-« pulse has intensities
of ~10*Wm™2 and energies of ~107°J, several orders of
magnitude less than those used in the 243 nm two-photon
excitation. Consequently, the ionization probability becomes
negligible (of order 10~ of the excited atoms). A possible
limitation to applying STIRAP to this system is the high decay
rate from the intermediate 2P level to the ground state com-
pared to the almost negligible decay rate into the 25 level. This
high decay rate, as well as the disparity in the branching ratios,
is known to reduce the efficiency of the STIRAP process [12].
Another possible limitation of applying this approach is that
the Doppler shift experienced by the Ly-« pulse is five orders
of magnitude higher than that experienced by the microwave
pulse connecting the 2S5 and the 2P levels [13]. For thermal
ensembles of hydrogen atoms at millikelvin temperatures, this
shift results in single- and two-photon detunings comparable
to transition widths of interest. This affects the efficiency of
the STIRAP process in transferring populations into the 2§
level for higher-temperature experiments. On the plus side,
the Doppler effect can also be used to generate a population
of atoms in the 25 level with a specific range of velocities,
Sec. III B 1. Previous studies have been conducted on the ve-
locity distribution of atomic systems after STIRAP for cooling
purposes [14-16].

In this paper, we show the feasibility of using STIRAP
to transfer population to the 2S5 hydrogen atom level. In
the Methods section, Sec. II, we introduce the setup of the
STIRAP process for a single hydrogen atom. We start with
presenting the Lindbladian for the STIRAP process between
the stretched states (15,4, 2S,) in Sec. IT A. Then, in Sec. II B,
we discuss the approximate method we implement to obtain
the velocity distribution of the atoms after the STIRAP pro-
cess, including the recoil effects from absorbing the Ly-o
photon as well as the decay from the intermediate state. Later,
in Sec. II C, we discuss how the presence of a magnetic field
affects the STIRAP Hamiltonian. Section III is the Results
section where we discuss the efficiency of applying the STI-
RAP approach in producing an appreciable transfer of popu-
lation from the 1S level to the 2S5 level given the properties of
the atom cloud and the geometric shape of the STIRAP beams.
We divide it into three parts. We start in Sec. III A by analyz-
ing the features of the single-atomic system with emphasis on
the ones relevant to understanding the bulk of atoms behavior.
Section III B discusses the velocity distribution of the hydro-
gen atoms in both the 1S and the 25 levels after the STIRAP
process. In Sec. III C we show that the presence of a magnetic
field can improve the STIRAP process between the non-
stretched states (1S, 2S.) with relatively little loss in the hy-
drogen atoms. We will use “hydrogen” atom in all that follows
to refer to both hydrogen and antihydrogen with the under-
standing that for antihydrogen, the spins are flipped to obtain
the states with the appropriate properties in a magnetic field.

II. METHODS

A. Treatment of STIRAP between the 1S and 25
states of hydrogen

To transfer population from the 1S to the 2§ level using
STIRAP, we couple these levels through the intermediate 2P

1S
WHF

FIG. 1. An illustration of the transitions of interest with the
1S and 2S hyperfine splitting; o/ = 27 x1.42x10° rad/s, oy =
27 x0.177x10° rad/s [13,18] not drawn to scale. The 2P hyperfine
splitting is much smaller (23 MHz) and also not drawn to scale. The
pump pulse is the Ly-o pulse with frequency w, = 27 x2.466x 10"
rad/s, and the Stokes pulse is a microwave pulse with frequency w,; =
0.978x27 x10' rad/s. In the A scheme A =4, and § =6, — §,,
where 8, and §, are the P pulse and the S pulse detunings, respec-
tively, with §, as defined in Eq. (1). The 2P states with electron
angular momentum J = ! are detuned by about 11 GHz so their

2
contributions are negligible.

states using two pulses; a probe pulse and a Stokes pulse
[17]. A A linkage is constructed using the 2P states with
a fine structure total angular momentum (J = 3/2). The 2P
states with fine structure total angular momentum (J = 1/2)
are detuned enough that the coupling to them is negligible;
we tested this by numerical calculations in addition to simple
estimates from Rabi frequencies and detunings. The probe (P)
pulse is the Lyman alpha pulse (Ly-«), that couples the 1§
triplet (F = 1) and the 2P fine structure state with the electron
total angular momentum (J = 3/2) as illustrated in Fig. 1. In
our simulations, we take the P pulse to be circularly polarized
with a Gaussian profile in time, such that

Ep([) = —NRe (Ege_i(w“+5”)l€_(2 In 2)([—’67)2/‘[2é+), (1)

with the unit vector é; = _T;(fc + i9); E) is the amplitude of
the electric field; the Ly-« transition angular frequency w, =
27 x2.466x 10" rad/s [13]; 8, is the detuning in the angular
frequency; the FWHM of the intensity duration, t, was taken
to be 20 ns in all our simulations to be similar to the expected
timescale in the proposed HAICU experiments. The pulse also
has a Gaussian radial profile with the maximum amplitude of
the electric field E [? given by

£ |a2vin2) o
wit\ epend?

where wy is the waist of the Gaussian pulse, & is the energy
in the pulse, ¢ is the speed of light, and € is the permit-
tivity of free space. In many simulations, we used a pulse
waist wy = 2mm and a total energy of 3 nJ. We made such
choices for the pulse parameters to match those proposed in
experiments on trapped hydrogen and antihydrogen atoms for
the HAICU project [19,20] at TRIUMF (Vancouver, Canada).
This pulse produces a Hamiltonian matrix element, as shown

0 _
Ep—
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in Appendix A 1, of the form

Hio(t) = =h2y(1)/2 = (YiooleEp(®) - Flvon)
eEY
=~ SRR rRa (e T
0
h<, o~ QIR /7 3)
2 b

where 7/ is the time at which the Gaussian pulse reaches
its peak and R,; is the radial part of the hydrogen eigen-
states V. This gives a peak Rabi frequency of the P
pulse Q) = 4.915x10° rad/s. When discussing ensembles of
trapped atoms in Sec. III B 1 we will average over the atom’s
position within the radial profile of the pulse.

The Stokes (S) pulse is a microwave pulse that couples the
2P states (J = 3/2) with the 2S5 hyperfine states and has an
angular frequency wy; = 0.978 x27 x 10'° rad/s and a detuning
85. We used the same electric-field polarization for the S pulse
as that for the P pulse, Eq. (1), but with a different amplitude
E? instead of the amplitude of the P pulse, EB. We also use
a Gaussian time dependence for the S pulse which gives a
Hamiltonian matrix element of the form

Hy(t) = —h€2,(t)/2

RQ0
236—(21n2)12/02’ (4)

where Q¥ and o are the parameters controlling the strength
and the duration of the S pulse, respectively. In most of the
simulations presented in this paper ¥ is of the same order of
magnitude as Qg. As typically known for efficient STIRAP

[17,21] the parameters o and t(f need to be tuned such that the
pump-Stokes offset [21] creates a “counterintuitive” ordering
of the pulses with the S pulse preceding the P pulse and a
sufficient overlap between them. As the parameters deviate
from such optimum configuration, the efficiency of the STI-
RAP process in transferring population decreases, and more
population moves into the radiative intermediate state. An
example of the time dependence of the two pulses is shown
in Fig. 2. These pulses are more closely spaced in time than is
typical for STIRAP, as will be discussed in Sec. IIT A. Unlike
the P pulse, the microwave S pulse is not a Gaussian pulse in
the radial direction; rather, we assume that its amplitude is ap-
proximately unchanged over the sample size of the hydrogen
atoms.

In the complete treatment of the STIRAP process, there
are 16 possible states in the system, namely, four hyperfine
states for the 1§ level, 4 x 2 states for the 2P (J = 3/2)
level, and four hyperfine states for the 2§ level as illustrated
in Fig. 1. However, the circularly polarized pulses, Eq. (1),
impose well-known selection rules for a rank 1 tensor oper-
ator [22]. Due to these selection rules, only five of the 2P
level states (F, mp) couple to the S level states, namely, the
2P states, {(2,2),(2,1),(2,0), (1, 1), (1,0)}, thus resulting
in only 13 of the 16 possible states being accessible through
the circularly polarized pulses. Thus the STIRAP Hamiltonian
will be a matrix of dimensions 13x13.

In order to include the decay from the 2P states to the 1§
states we use the Lindblad master equation for the density
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FIG. 2. The S and P pulses as well as the state {1S,, 2PaT, 28,1}
probabilities as a function of time for typical experimental param-
eters and zero pulses detunings. The P pulse is the Gaussian in
Eq. (3) with tJ = 10.5ns. The S pulse follows Eq. (4) witho =7 =
20ns and Q° = Qg = 4.915x10® rad/s. The maximum population
in the 2P state is about 3% which shows that the system is close to
adiabatic.

matrix of the system p:

. + + +
p=—IH, pl = D Tu(iLup + pLiL1)/2 = LupLy),

®)

with H being the hermitian STIRAP Hamiltonian and I',, are
the decay rates from the 2P to the 1§ states for each decay
channel. They are proportional to the square of the expectation
value of the dipole matrix element connecting the initial and
final states [23]. The L, matrices are 13x13 dimensional
jump operators. They transfer population from the 2P states
to the relevant 1§ states with the decay rate I',, as defined in
Appendix B.

Generally, the STIRAP Hamiltonian couples each 1S hy-
perfine eigenstate to multiple 2P hyperfine eigenstates. By
explicit evaluation of the Hamiltonian, one observes that the
stretched state 1S, (F = 1, mp = 1) only couples to the 2P}
(F =2, mp =2) which only couples through the S pulse
to the states 2S; (F = 1, my = 1). Thus those three states
form a closed system under the Hamiltonian part of the time
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evolution with the effective 3x3 STIRAP Hamiltonian:

0 = 0
Hoy=-h[Z A L], 6)
0o 2

where {A, 8} are the single-photon and the two-photon de-
tuning, respectively; see the caption of Fig. 1. Similarly, the
2P} state can only decay to the 1S, contrary to the other
2P states that could decay to multiple states of the 1S level.
Consequently if the hydrogen atoms are initialized in the 1S,
state, then the time evolution of the density matrix under
the full master equation does not move population outside
the three states: 1Sy, 2Pj , and 2S,. Consequently, we can
reduce the treatment of the problem to a three-state subsystem
constructed from these states.

We work in this 3 x 3 subspace as we examine the efficiency
of the STIRAP process and its dependence on the different ex-
perimental parameters. In Sec. III C we show that a magnetic
field can help selectively transfer population between the other
trappable nonstretched states, 1S, and 2S,. That is achieved by
making the subspace of interest approximately closed. Finally,
we note that, in the absence of a magnetic field, the usage of
laser pulses with the opposite circular polarization would only
flip the total angular momentum F of the states involved in the
STIRAP process.

B. Thermal distribution and recoil effects

In the previous section, the discussion did not include the
center of mass motion of the hydrogen atom. In Appendix A 2
we show the change in the STIRAP Hamiltonian when we
work with a tensor product of the internal states and the center
of mass momentum state in the direction of the incident Ly-o
photon |k). In the literature, there has been work on the use
of STIRAP processes in atomic systems for cooling [14-16].
Here, we present the numerical technique we used to study the
velocity distributions of the atoms after the STIRAP process
in both the initial and the target states. This atomic system
gains an effective momentum kick from the STIRAP process
as well as from the decay of the intermediate state, which are
both accounted for as follows.

We restrict the analysis to the states {1S; ® |k), 2P ®
|k + ky), 2854 ® |k + ky)}, where the first part is the internal
state of the hydrogen atom and the second part is the center of
mass momentum state in the direction of the incident photon.
The states with the principle quantum number n = 2 have
gained a momentum kick ik, = 27w h/(121.6x 10~ m) from
absorbing the Ly-o photon.

In Appendix A2, we derive the Hamiltonian for a hydro-
gen atom with an arbitrary initial momentum /%k. The full
density matrix of an atom in the thermal distribution would
have different initial momenta for the 1S state, sampled from
a Maxwell-Boltzmann distribution. In order for the density
matrix to describe the entire system, we expand it to become
3M x3M, where M is the number of the different allowed
initial momenta 7ik. We only keep track of the component
of the momentum that is parallel to the incident P pulse.
The momentum states have a grid spacing %k in the interval
ke [_kmax : kmax]~

In the simulation kp,x is chosen based on the temperature
of the initial hydrogen atoms such that all accessible momen-
tum states are included. The momentum grid spacing /idk is
chosen to be sufficiently smaller than the recoil momentum
hik, as discussed in Sec. III B.

The decay transfers population from the state 2P ®
|k + ky) to the state 15; ® |k’), where k' could take values
in the range [k : k + 2k,]. The exact value of momentum of
the hydrogen atom after emitting a photon depends on the
direction of the emitted photon compared to the atom mo-
mentum. A crude approximation would be to use the average
outcome of multiple decay channels. Since hydrogen atoms
are equally likely to emit a photon in the forward and the
backward directions, the average effect would be no change
in the momentum of hydrogen atoms after decaying to the 1S
state, i.e., kK’ = k + k,. We term this the “averaged approach.”

An improvement to this approximation is to allow the
photon to be emitted in all directions, following the known
angular distribution of dipole radiation 1 + cos(6)? [24], with
cos(9) = — (k' — k — ky)/ky. Thus the probability of the hy-
drogen atom 2P state to decay with momentum 7%(k + k, ) into
a 1§ state with momentum /ik” would be

3 [K+k/2 _ _
E(k) = —/ (1 + f(k)*)dk, (N
8ke Jir—sk/2

where f(k) = (k — k — ky)/k, and 8k is the momentum spac-
ing of the density matrix in the simulation and k € [k : k +
2ky]. The simulations converged for 6k ~ k,/20. For later
discussions, we term this approach with a quantized momen-
tum grid the “quantized approach”. In Sec. III B we compare
the resulting thermal distributions from the crude “averaged
approach” and the quantized approach.

C. Adding magnetic field effects

The feasibility of using magnetic fields to selectively con-
trol the transfer between magnetic sublevels has been explored
earlier [25-27]. For a hydrogen atom in the presence of a
background magnetic field, the Hamiltonian of the system
changes to

A A~ e - 5 e - 5
A=8+5%8.5 - 5°5.§, )
2m, 2my,
where Hj is the hydrogen atom Hamiltonian without the mag-
netic field; e is the elementary charge; m, the electron mass;

m,, the proton mass; {S., §p} are the spin operators for the
electron and the proton, respectively; and {g., g,} are the g
factor for the gyromagnetic ratios of the electron and the
proton, respectively. Due to the coupling to the magnetic field,
the hyperfine states of the 1.5 and the 2§ states are mixed. The
eigenstates and their eigenvalues as a function of the magnetic
field are found analytically using the Breit-Rabi formula. The
stretched states discussed in the previous sections, 1S, 2Pj s
and 2S,, will remain a closed system with the magnetic field
only introducing shifts in the transition frequencies. In this
subsection we treat the evolution of the system starting from
the trappable 1S, state to the 25, state through the 2P} state
with (—1/2) proton spin. The states are given in terms of a
tensor product between the orbital state |n, [/, m) and the z
component’s spin states of the electron and the proton |s¢, s%)
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as follows:
1S, = [1,0,0) ® (Bis|1/2, —=1/2) + a15|—1/2, 1/2)),
2PF = 12,1, 1) ® [1/2, —1/2),
28, = 12,0,0) ® (Bos|1/2, —1/2) + ans|—1/2,1/2)), (9)

with

g=ty Bis
JVAB2 U + HPol
1 B
=3 s (10)

VAB U + ol

where wiy are the hyperfine splittings in Fig. 1 with the index
n going over the 1§ and the 2§ levels and

8e€ | 8p€
8m, + 8m,

= (1n
The values of the {o2, B2} give the probability that the electron
has a spin-up or spin-down, respectively. Thus when evalu-
ating the dipole matrix element in Eq. (3) for the STIRAP
process, the matrix element coupling the 2P} and the 1S,
states will have a factor of Bis while that coupling the 2P}
and the 2§, states will have a 8,5 factor.

The STIRAP Hamiltonian terms are thus dependent on the
magnetic field:

ES®B)  —%pis 0
H@)=h| -Zps —A+2BES  —pyg | (),
0 ~Shs S +E¥®B)
(12)
with
" 4B + R (i)’
En(B) _ _%ur +\/ + ( HF) (13)

2h ’
where again the index n goes over the 1S and the 2§ levels.

The Hamiltonian could be put in a simpler form by subtracting
E"(B) and redefining the detuning to become

0 Zps 0
Hi)=—h| g AB) Lpos (), (14)
0 LBys  8(B)

where now

AB)= A — ZBh ¢ LESB),

8(B) =68 — E®(B)+ E'S(B). (15)

The other effect of the magnetic field is the change in the
branching ratios of the 2P state when decaying into the 1S
sublevels. Since the decay rate from 2P} to 1S, is proportional
to the square of the dipole matrix element that connects them,
the decay rate into the 1S, state becomes I'gx /3123 where I'y
is as defined in Appendix B. The decay into the 1S, state has
the branching ratio (1 — B). However, the 1S, to the 2P}
transition is far from resonance so the 1S, behaves as a dark

—""|""|""|""J""""—

- 16Q, n

1.00 |- 1 B——

B =4Q, n

2075 i =g e =

5 I ]

© ™ ]

8 0.50 |- =

o o ]

0.25 :— _:

0.00 :1'—L—' IJ-H"T'J|.|||1||1“1-4.L|_L~}.L|_|:

-75 -50 -25 0.0 25 5.0 7.5
8,/ T

FIG. 3. The final probability to be in the 25, state as a function of
the P pulse detuning &, for the Rabi frequencies of the S and P pulses
QO Q0 ={1,2,4, 8 16} x Qq, with €y =4.915x10® rad/s. The
s1mulat10ns were run while keeping the microwave pulse detuning
8, as well as the pulses duration T = o = 20 ns fixed, thus changing
the Ly-a pulse energy. The transfer rate to the 2S level drops for §,
outside the range [—€2) : Q7].

state with a negligible percentage of atoms getting back from
it into the {1S,, 2P}, 2S.} subsystem.

Finally we note that in this section effects like the differ-
ence between the g, factor in the levels with the principle
quantum numbers, n = 1 and n = 2, as well as the diamagnetic
potential term from the magnetic field, were neglected, as
both of them introduce energy changes of the order of a few
kilohertz [8] which result in much less than a percent change

in the final populations; see Fig. 3.

III. SIMULATION RESULTS

Here we discuss the simulation results as we progressively
add effects to the STIRAP process. In Sec. III A, we study the
efficiency of the STIRAP process in transferring the popula-
tion between the stretched states {1S,, 2S,}, when the atoms
are held in space and no recoil effects are included. These two
restrictions lead to cases where ~100% of the population can
be transferred to the 2S5 state. We vary physical parameters
such as the detuning of each pulse and the Rabi frequency.
In most of the simulations the STIRAP efficiency is limited
by the realistic energy achievable by a Ly-« pulse in a setup
like HAICU. In Sec. III B we analyze the STIRAP process for
thermal ensembles of hydrogen atoms; the resulting Doppler
width for achievable temperatures can strongly reduce the
fraction transferred into the 2§ state. We also study how the
change in the hydrogen atoms’ temperatures affects the trans-
fer rates of STIRAP as well as the velocity distribution of the
resulting hydrogen atoms in the 25 level. In Sec. IIIB 2 we
study the dependence of the number of atoms going through
STIRAP from a spatially extended sample on the P pulse’s
waist and energy with the spatial Gaussian profile of the Ly-«
beam taken into account. Allowing the atoms to not be at
the center of the Ly-o beam further reduces the population
transferred into the 25 state and necessitates the introduction
of a parameter analogous to a cross section per laser shot. In
Sec. I C we treat the STIRAP between the states {15, 2S.}
with a background magnetic field that changes the efficiency
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of the transition due to the changing composition of the 1S,
state, Eq. (9).

A. Stationary single-atom 1S; — 2S; STIRAP

Having made experimentally motivated choices for the pa-
rameters of the P pulse, Q([),, 7, and the pulse waist wy, there
remain other experimental parameters that could be tuned to
produce an efficient STIRAP process, namely, {QE, o, té’ }. To
understand the effects of these parameters, we investigate the
ideal case in which the atoms are fixed in space at the center
of the Ly-o beam. In order to know what values for these
parameters would produce an effective STIRAP process, we
initialized the hydrogen atom in the 1S, state and swept the
values of those parameters over the ranges Q¥ € (0 : 5]92,
o €(0:10]7, and #J € (0:2]o. The optimum values for
these parameters were found to be Qg = Qg, o =1. The
optimal pulse delay was found to be 7§ = 10.5 ns ~ 0.5257,
which is smaller than ~0.85t which is typical in the literature
[28]. This difference is attributed to the high decay rate of the
2P level, Appendix B, as well as the disparity in its branching
ratios to the 1S states compared to the negligible decays into
the 2§ states. To test that, we ran separate simulations for
smaller decay rates ~0.01I"y and equal branching ratios, and
both lead to more population transfer to the 25 level at larger
pulse separations when keeping the other pulse parameters
fixed. The case of equal branching ratios had better agreement
with the ~0.857 in the literature [17]. However, for the decay
rates and the branching ratios of the 2P states of the hydro-
gen atom, Appendix B, a pulses separation of 7§ = 10.5 ns ~
0.5257t gave the best population transfer into the 25 level.
We examined implementing microwave pulses proportional to
¢~""/** and obtained results similar to a Gaussian pulse. Un-
less otherwise indicated, we use the pulses parameters listed
in this paragraph for the rest of the simulations in this work.

Since in our system I'y = Q, the analysis in [12] works
well in characterizing the adiabaticity domain of the sys-
tem, where the STIRAP efficiency improves exponentially in
(829)*x7/Ty. In Fig. 2 we show the S and P pulses of the
STIRAP process as well as the time evolution of the probabil-
ity of being in each of the three states as a function of time at
zero detunings for both pulses. For these Rabi frequencies, the
system falls into the adiabaticity domain where ngt > 37
and (Q([),)zxr/r‘o =7.69 > 1 [12,17]. The STIRAP process
transfer rate efficiency is about 75%. The efficiency falls short
of a ~90% transfer rate, because the intermediate state decays
only into the initial state. This disparity in the intermediate
state decay rates was shown to decrease the efficiency of
the STIRAP process in [12]. However, this efficiency can be
enhanced by increasing the pulse energy; see Figs. 3 and 5.

To better understand the linewidth of the produced 2S
atoms of a thermal ensemble of hydrogen atoms, Sec. I[II B, we
examine the efficiency of the STIRAP process as the pulses
detuning is varied. Since the Doppler detuning Ap =7 - k of
the Ly-o is five orders of magnitude higher than that of the
microwave pulse, we only sweep the P pulse detuning while
keeping the S pulse detuning fixed. We study the behavior of
the system for QY = Q9 and both are equal to multiples of

the Rabi frequency Q2 = 4.915x 108 rad/s. In Fig. 3 we see
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FIG. 4. The number of emitted photons as a function of the P
pulse detuning §, while keeping the microwave pulse detuning &,
fixed for FWHM of the Gaussian pulses taking the values 0 = 7 =
{1,2,4, 8}x20ns with tJ = 0.5257. The Rabi frequencies of the S
and P pulses are fixed to Q0 = QI = 4.915x10® rad/s; thus the Ly-a
pulse energy is changing, Eq. (16).

that the range of the detuning §, that produces population
in the 2§ state increases by increasing the Rabi frequency
Qo and has a linewidth that is approximately linear in 2,
[29,30]. This will be important for controlling the width of
the velocity distribution of the resulting 25 atoms from a wide
thermal ensemble of initial 1§ atoms that experiences Doppler
detuning in Sec. III B.

The number of emitted photons during the decay process
from the 2P state to the 1S state is useful in understanding
the change in the velocity distribution of the hydrogen atoms.
High-velocity atoms experience high Doppler detunings. Thus
knowing the number of emitted photons at different detunings
gives an idea of the amount of recoil experienced by each
velocity class of the hydrogen atoms, Sec. III B. In the sim-
ulations it was observed that as the detuning goes to zero, the
number of photons emitted during the whole STIRAP process
approaches its smallest value. In Fig. 4 it can be seen that
there are fewer photons emitted at zero P pulse detuning §,,,
at fixed Qg, for longer pulses durations. This happens because
the STIRAP efficiency, at high decay rates, 'y > ¢ [12,17],
improves for longer pulses durations, following the factor
Q3 xt/T. However, at higher P pulse detuning the maximum
number of emitted photons was observed to be higher for
longer pulses durations, t. This is because at high P pulse
detuning 8, almost no transfer to the 2S state occurs and
most of the electrons that make it to the 2P level decay back
to the 1§ level, emitting more photons in the process. Thus,
for longer pulse durations, the atoms have enough time to
be excited to the 2P level and decay to the 1§ level multiple
times.

The dependence of the emitted photons on the Rabi
frequency Q0 = QO was observed to be similar to the depen-
dence on the pulse duration. At zero P pulse detuning, the
number of emitted photons decreases by increasing the pulse
energy, i.e., improving the STIRAP adiabaticity. However, the
difference was that the maximum number of emitted photons
has a ceiling value that cannot be exceeded, independent of
how much the Rabi frequencies are increased. That maximum
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FIG. 5. The transfer probability into the 2S5, state as Qg is varied
while keeping Q0 fixed at zero pulse detunings. The transfer proba-
bility is linear in (£2))* for small ()*/($20).

photon number is proportional to the number of possible ex-
citation cycles to the 2P state that the system can go through
over the pulse duration, thus proportional to 7["¢. Finally, it is
worth noting that when the energy in the pulse is kept fixed
and the Rabi frequencies are changed with the pulse dura-
tion following Eq. (20), then neither the transfer efficiency
nor the number of emitted photons, at zero pulses detunings,
vary much by changing the pulses duration. The reasoning
for this is that, for the STIRAP efficiency, the dependence
on the pulses duration cancels out from the efficiency factor
Q3x7 /T > 1[12]. We observed that as the pulses durations
increased, the maximum population in the 2P level decreased,
but the length of time it remained populated increased, result-
ing in almost the same number of emitted photons.

Increasing the peak Rabi frequencies of the STIRAP pulses
increases the probability of population transfer to the 2 level
[31] as observed in Figs. 3 and 5. For small Qg / Q?, the final
probability to be in the 2 state increases linearly with (£2)?,
keeping Q? fixed as shown in Fig. 5. The peak Rabi frequency
of the Gaussian P pulse Qg can be controlled through the
energy in the pulse &, the duration of the pulse 7, or the waist
of the Gaussian pulse wg [32] with

VE
wo/T

For a single atom that is fixed in space, it is irrelevant which of
the two parameters {wy, £} is used to tune Q(p’ However, when
the decrease of the intensity of the Gaussian P pulse over the
spacial extent of the atoms is accounted for in Sec. III B 2, the
effects of changing the P pulse energy and its waist will not

be equivalent; see Fig. 9.

Q) (16)

B. STIRAP for a thermal ensemble

In this section we start with a thermal distribution of hy-
drogen atoms. This removes one of the idealizations of the
previous section and leads to dependencies more relevant
for experiments. Atoms are initialized from a Maxwell-
Boltzmann distribution with the initial probability that a
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FIG. 6. The velocity distribution of the hydrogen atoms in the 15
and the 2§ levels at 7 = 80 mK using the pulse parameters at the
beginning of Sec. III A. The solid cyan and orange curves are pro-
duced using the averaged approximation, while the dotted black and
dot-dashed purple curves are produced using the quantized approach
developed in Sec. I B with momentum spacings 6k = k, /40, with k,,
being the wave number of the Ly-« pulse. The dashed orange curve
is the initial Gaussian distribution of the hydrogen atoms before
STIRAP. The upper x axis is the Doppler detuning Ap =¥ - K, in
units of the decay rate Iy, Appendixes B and A 2.

hydrogen atom has a momentum 7k given by

Sy = - [ L (17)
= — ex ,
my\ 2mwkpT P 2muxgT

where my is the mass of the hydrogen atom, kp is the Boltz-
mann constant, and 7 is the temperature.

1. Velocity distribution of produced hydrogen atoms

In Fig. 6 we initialized the hydrogen atoms at a temper-
ature of 80 mK and let the system evolve under the master
equation (5) using the pulse parameters discussed at the be-
ginning of Sec. III A. We compared the final distribution of
the hydrogen atoms in the 1S and the 2§ states using the
approaches discussed in Sec. II B in Fig. 6. There is a slight
difference in the hydrogen atoms distribution in the 1§ state
compared to the results from applying the averaged approach
and the quantized approach. However, the two approaches
give similar results for the 2S velocity distribution. We have
checked that the result of the quantized approach has con-
verged by comparing the results using two momentum grids
with 6k = k, /10 and 8k = k, /40.

There are two key points when studying the velocity distri-
bution of the hydrogen atoms in the 2 level resulting from the
STIRAP process. Firstly, when the STIRAP process occurs,
the hydrogen atom absorbs a photon with momentum 7%k,
leading to momentum change of the atom. Secondly, since
the atoms at nonzero velocities experience Doppler detuning,
only the atoms near the velocity that has zero net detuning
A=AN+7-k=0 experience appreciable population trans-
fer from the STIRAP. In Fig. 6 the initial hydrogen atoms
ensemble was at a temperature T = 80 mK; the percentage
of atoms transferred to the 2§ state is approximately 9.6%.
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FIG. 7. The velocity distribution of the hydrogen atoms in the 2§
level at T = 80 mK using the pulses parameters at the beginning
of Sec. III A. Different detunings for the Ly-o pulse are used to
produce hydrogen atoms in the 2S level with the peak velocities
{—20, —10, 0, 10, 20} m/s. The dashed green curve is the initial
Gaussian distribution of the hydrogen atoms before STIRAP. The
upper x axis is the Doppler detuning Ap = ¥ - K, in units of the decay
rate 'y, Appendixes B and A 2.

That percentage is small, compared to the stationary atom
~T75%, because at T = 80 mK most of the atoms have a large
Doppler detuning, taking most of them off resonance, and
little transfer occurs. The width of the velocity distribution
of the produced 2S atoms increases as the Rabi frequency
increases as expected from the results in Fig. 3. After STIRAP,
the 15 hydrogen atoms velocity distribution is a mixture of the
high-velocity, highly detuned, 1S atoms of the initial Gaussian
distribution, that did not absorb any photons, and the ones
that got excited to the 2P state and then decayed back to the
1S level. The recoil the atoms experience when absorbing the
Ly-a pulse gives them positive velocity kicks, which is seen
in the decrease of the number of negative velocity atoms and
the increase of positive velocity ones. This suggests that if
consecutive pulses are used on the same sample, then sending
alternating pulses from opposite directions could reduce the
heating effects.

It is possible to pick the location of the peak of the final
velocity of the hydrogen atoms in the 2S level as long as it is
inside the thermal distribution by adjusting the pulse detuning
A [33]; see Appendix A 2. In Fig. 6 we adjusted the detuning
such that the peak of the hydrogen atoms in the 2S state after
receiving the momentum kick would be at zero velocity using

k2
A =8 =h—% ~0.27T,. (18)

my
We show the feasibility of controlling the peak velocity of
the produced hydrogen atoms from the STIRAP process in
Fig. 7. We use an initial ensemble at temperature 7 = 80 mK
and by adjusting the detuning of the Ly-o pulse we pro-
duce hydrogen atoms in the 2§ level with peak velocities
v, = {—20, —10, 0, 10, 20} m/s. Since the atoms in the 2§
level have received a velocity kick v, from absorbing the
Ly-a pulse, the peak of 2§ atoms velocity distribution is
proportional to the Gaussian Maxwell-Boltzmann distribution
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FIG. 8. The total probability of the hydrogen atoms being in the
1S and the 2§ levels as a function of the initial temperature of the
hydrogen atoms ensemble using the pulses parameters at the begin-
ning of Sec. III A. The detuning A’ in the Hamiltonian, Eq. (A6), is
set to zero for all temperatures. We also plot the high-temperature
asymptotic behavior curve oc1//T.

evaluated at v,, — vy instead of just v,,. This feature could be
experimentally useful if a specific velocity of 25 atoms was
desired.

In Fig. 8 we examine how the percentage of the atoms that
end up in the different states changes as we change the temper-
ature. We see that at high temperatures, the momentum range
that gives a Doppler detuning within the STIRAP transfer
domain ~[— : 2Qo] becomes small compared to kgT. Thus
z;lf[K];T
rate dependence on the temperature varies as LT For the
pulses parameters discussed at the beginning of Sec. III A, this
dependence was observed for temperatures higher than about
T = 10mK. For low temperatures, 7 < 0.1 mK, the thermal
velocities become very small and the Doppler detuning be-
comes negligible, so one gets the high transfer rate observed
for zero detuning in Sec III A. For instance, temperatures
lower than 7 = 0.01 mK have a small initial velocity spread
and approximately 66% of the atoms’ population transfers to
the 25 level with an average momentum /ik,. The reason why
this rate is not exactly the ~75% in Fig. 2 for stationary atoms
is that here the atoms decaying from the 2P to the 1S level can
experience high Doppler detuning due to the decay recoil not
canceling out the momentum kick from absorbing the Ly-«.
From our simulations, we find that increasing the Rabi fre-
quency of the pulses does not change the overall dependence
on the temperature; it only shifts the temperature at which the
asymptotic oc 1/4/T behavior starts. For instance, at 8 times
the Rabi frequency, the transfer ratio becomes about 50% near
T = 100 mK. We note here that cooling with optical molasses
can get the hydrogen atoms to minimum temperatures of only
a few millikelvins [34,35].

Although lower-temperature ensembles of hydrogen atoms
produce a higher percentage of atoms in the 2S5 level, they
are less tolerant to changes in detuning. For example, this
is observed when comparing the percentage of atoms that
transfer to the 2 level at the two temperatures 7 = 1 mK and

the factor exp( ) becomes almost unity, and the transfer
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T = 80mK. At zero detuning the lower-temperature ensem-
ble transfers about 50% of the atoms to the 2§ level, while the
ensemble at 7 = 80 mK transfers only about 10%. However,
the lower-temperature ensemble has a width of only about one
'y, while the higher-temperature ensemble has a width almost
three times as much. This happens because at higher tem-
peratures the Maxwell-Boltzmann distribution velocity range
is larger. Thus such atoms’ Doppler detuning can cancel out
the laser detuning, allowing for transitions at a larger laser
detuning range.

2. Including the spatial profile of the Ly-o pulse

In this section, we remove the last idealization of Sec. IIl A
and evaluate the number of 2S5 atoms taking into account the
radial profile of the Ly-o beam. Since the Ly-« is typically a
Gaussian beam in the radial direction, not all trapped atoms
experience STIRAP with the same Rabi frequency Qg due to
the spatial dependence of the intensity, Eq. (20). However, the
S pulse is constant in the radial direction, which results in a
pulse configuration different from that of perfect STIRAP and
rather a STIRAP-like one. A sample of number density, ¢, and
length, L, would produce N hydrogen atoms in the 2§ level
with

N =nL$ = Lo /Oo 27 rPos(r)dr, (19)
0

where n gives the number of atoms in the 2S level in units
of m?/pulse. We introduce  as a cross-section-like parameter
since it is independent of the sample density and length. The
Pys(r) is the transition probability into the 2§ level by the
end of the pulse duration, which depends on the specific Rabi
frequency at radial distance, r, from the center of the path of
the pulse,

NG
wo/T
where the variation in the pulse waist is negligible over the
sample size as the Rayleigh length is larger than 6 m for
wo > 0.5mm. A rough estimate for the parameter n could be
obtained by multiplying the probability of transfer at a certain
temperature by the beam area ~m w%. In Fig. 6, the transfer
probability is about 9.6%, giving n ~ 1.2x10~® which is
close to the actual value of ~0.9x 107° in Fig. 9.

In Fig. 9 we show the number of atoms in the 2§ level
as a function of the pulse waist for different pulse ener-
gies {1, 3,5} nJ. We see that even though the decrease in
pulse waist increases, Qg, the number of transferred hydrogen
atoms decreases as the waist decreases. This happens because
the effective spatial extent of the pulse is of order wy. Thus
decreasing wy reduces the effective region where efficient
STIRAP occurs. However, the large waist behavior could be
understood by referring to Fig. 5, where for small Qg and
fixed Q¥ the transfer probability is linear in (Qg)z. Thus, for
large wy, that is, small Qg, the radial integral of the probability

Q0(r) oc e/ (20)

with SZ?, in Eq. (20) turns out to be independent of the waist.
The dependence on the pulse energy could be understood in
the same manner, where the number of transferred hydro-
gen atoms is approximately linear in the P pulse’s energy at
large waist. We investigated the velocity distribution of the 25
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FIG. 9. The dependence of the number of hydrogen atoms trans-
ferred to the 2§ level per pulse on the pulse waist for the Ly-o
pulse energies {1, 3, 5} nJ, temperature 7 = 80 mK and S pulse Rabi
frequency Q0 = 4.915x 108 rad/s. The curves are scaled to show the
linear dependence on the energy at large beam waist.

hydrogen atoms after including the spatial profile of the Ly-«
pulse and got results similar to Fig. 7 with the same relative
peak amplitudes and distribution linewidth.

C. 1S, — 2S5, STIRAP in the presence of magnetic field

It is possible to transfer population into another hyperfine
sublevel of the 25 level, namely, the 2S5, sublevel. This is
achieved using a magnetic field to split the energy levels
[25-27]. In Sec. I1 C we studied how the magnetic field affects
the STIRAP Hamiltonian connecting the states 15, to 2S,. The
magnetic field introduces a shift in the energy that increases as
the magnetic field increases. We showed that this energy shift
could be absorbed in the detuning in Eq. (15). For a magnetic
field of 0.05 T that shift is about

2B5¢¢ _ E15(B) = 11121,
hm,
E*(B) — E'S(B) = 7.85T, (1)

which shifts the energies of the states off resonance from the
Ly-« pulse. A population transfer between the desired levels
is achieved by adjusting the pulses detunings {A, &}.

As discussed in Sec. II C, the main effects of introducing
a magnetic field on the Hamiltonian would be the factor of
Bi(B) in the off-diagonal terms. For a magnetic field of 0.05 T
these factors are Bj; = 0.854 and B3, = 0.995 while for B
0.15 T they become ,3125 = 0.974 and ,8225 = 0.999. In treating
the decay, only a B fraction of the atoms in the 2P state
decay into the 18, state while the remaining fraction, 1 — 87 5
decay to the untrappable 1S, state. Thus a fraction 1 — f; S
of the atoms leaves the three-state subsystem {15, 2Pa¢, 28.}.
Since the magnetic fields of interest have the 1S, state far
off resonance, there is almost no transfer of population out
of the 1S, state. Since the factor ,Blzs approaches unity as
the magnetic field increases, the population leakage out of
the subsystem decreases for larger magnetic fields. This is
shown in Fig. 10(b) where the number of hydrogen atoms lost
outside the subsystem is evaluated for different values of the
magnetic field. The number of atoms decaying into the 1§,
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FIG. 10. The number of hydrogen atoms in the 2§, state (a) as
well as the number of atoms leaving the subspace {1S,, 2P}, 25}
(b) as a function of the applied magnetic field with zero detun-
ings at temperatures 7 = {5, 30, 80} mK. The P pulse has a waist
wo = 2.0 mm and an energy of 3 nJ.

state decreases about 10 times as the magnetic field increases
from O to 0.15 T. Similarly, the presence of the magnetic
field enhances the STIRAP transfer efficiency, as shown in
Fig. 10(a) where the number of atoms moving to the 25, level
more than doubled as the magnetic field increased from 0 to
0.15 T. Magnetic fields bigger than 0.15 T hardly improve the
transfer rates, as ,3125 becomes almost unity. At lower temper-
atures the loss in population is higher for the same magnetic
fields because the lower Doppler detuning experienced by the
atoms at lower temperatures leads to more 1S.-2P, transitions.

Other than the loss in the population due to decaying with
spin flip, the behavior of the system with a magnetic field is
similar to that studied in the previous subsection. For instance,
when varying the detuning, the transfer probability to the
28 level is the same as that without including a background
magnetic field. The only difference is a slight decrease of the
transfer rate to the 25 level in the presence of a magnetic field
due to the loss of trapped atoms through decaying into the 1S,
state. However, as the magnetic field increases, ,8125 gets closer
to unity and the system behaves like the closed three-state
system discussed in the previous subsection.

IV. CONCLUSION

We investigate conditions for the validity of a general STI-
RAP procedure from the 1§ to the 25 levels in the hydrogen

atom. We utilize a Ly-o pulse for the 1S5-2P coupling and a
microwave pulse for the 2P-2S coupling. The stretched states
{184, 2Pj , 28,4} form a 3x3 closed lambda linkage between
which the STIRAP process could be utilized without the need
for an external magnetic field. We also show that by apply-
ing a magnetic field, the STIRAP process is also achievable
between the states {1S., 2Pj, 2S.}. We find that significant
transfer rates through STIRAP occur when the detuning of
the P pulse is approximately smaller than the maximum of the
Rabi frequency. It is also observed that at a fixed microwave
pulse’s Rabi frequency, the transfer efficiency of STIRAP has
a quadratic dependence on the Rabi frequency of the Ly-«
pulse for small Rabi frequencies.

We study thermal ensembles of hydrogen atoms and their
resulting velocity distribution after the STIRAP process.
Atoms at temperatures of a few tens of millikelvins experi-
ence Doppler detunings of comparable order of magnitudes to
the energies in the system. This Doppler detuning takes the
atoms off resonance with the Ly-« pulse and thus affects the
efficiency of the STIRAP. The transition probabilities into the
28 level are larger at lower temperatures and proportional to
o 1/4/T for temperatures higher than 100 mK for P pulse
Rabi frequency 522 = 4.915x10® rad/s. The temperature at

which the 1/+/T dependence begins increases with increasing
the Rabi frequency of the Ly-o pulse. We show that it is
possible to control the peak velocity of the resulting hydrogen
atoms in the 25 level by changing the Ly-« pulse’s detuning.

We examine, taking into account the spatial Gaussian
profile of the Ly-«a pulse, the effect of changing the Ly-«
pulse waist and energy on the number of 25 hydrogen atoms
produced. Generally, increasing the Ly-o pulse energy in-
creases the number of hydrogen atoms undergoing STIRAP.
However, the number of atoms transferred through STIRAP
increases with the pulse waist for small Ly-o beam waists.
It then reaches a plateau where the increased area of the
beam is countered by the decrease in the pulse intensity and
increasing the waist has little effect. These findings assume
that the pulses are not depleted by the atoms in the gas as well
as that the trapped hydrogen atoms fill all the spatial extent of
the Ly-« pulse.

Finally, we study the effects of applying an external mag-
netic field on the STIRAP process. We showthat the STIRAP
process can be applied to transfer population between trap-
pable states inside a magnetic field. For the states {1S., 25.}
increasing the magnetic field keeps the population in the de-
sired trappable states by sending the other states off resonance
with the microwave and Ly-« pulses. The branching ratio of
the decay of the 2P} into the trappable state 1S, approaches
unity as the magnetic field increases. Consequently, loss in hy-
drogen atoms through decaying into the untrappable 1S, state
decreases with increasing magnetic field. Thus it is possible to
control the target states into which the STIRAP transfers the
hydrogen atoms.

As discussed in Sec. I A we experiment with different
possible parameters for the microwave pulse’s configuration,
and the ones used in the simulations are the optimal ones
found. The Ly-a pulse is restricted to a Gaussian pulse for
experimental purposes. Further STIRAP optimization tech-
niques such as optimal pulse control and the stimulated
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Raman exact passage (STIREP) [36-38] could be future re-
search directions if needed.
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APPENDIX A: DERIVATION OF THE HAMILTONIAN

This Appendix shows the details of evaluating the STIRAP
Hamiltonian used in this work, Eq. (6). First, we start by
simplifying the expressions for the general matrix element
connected through the electric field in Eq. (1). We apply the
Wigner-Eckart theorem [22] to obtain the ratios between the
different nonzero matrix elements connecting the hyperfine
states of the 2P to those of the 1S and 2§ levels.

1. Stationary atoms STIRAP Hamiltonian

We start with the wave function,

¥) = c1@e” ) + ca(0)e™ = 2) + es (e 3),
(A1)

with the states corresponding to the 1S, 2P, and 2§ states in
ascending order. The coupling to the Ly-« and the microwave
fields, Eq. (1), leads to the evolution of the amplitudes in the
states as follows:

ic; = —e" @ NQ ey /2,
iey = —e ORI /2 — e TR Qe /2,
it3 = —e @72 Q ey /2, (A2)

where the Rabi frequencies from the P and S pulses are given
by
0

Q, = — 50 11k — iv[2) = —eE(11r_ 2/
=——=(l|x —i =—e r_ ,
r 2 Y 4

eEf
2

with transition frequencies wi; = &, — &1 and w3, = &, — €3.
The counterpropagating terms involving €27, as well as the off-

Q= ——= Bl —iy|2) = —eE)(3[r_[2)/h, (A3)

resonant ones involving £ were omitted in the equation for
¢1 and their corresponding ones in the time derivative of c;.
Similar terms were omitted in the time derivative of ¢3 and
their corresponding ones in c¢,. The final step is to redefine
¢y — P8¢y and ¢z — €%¢3, with A = wy — wy and § =
Wy — W5 — W12 + w3y, to get the simplified expressions:

.. 1
ic; = —EQpcz,

. 1 o* 1

icp = —Acy — EQpcl — 59363,

i3 = —8c3 — 3Qker. (A4)

This reproduces the Hamiltonian in Eq. (6) with A and é being
the single-photon and the two-photon detunings, respectively.

2. Including the atom’s motion effects
on the STIRAP Hamiltonian

Here we present the STIRAP Hamiltonian when the center
of mass motion is taken into account. For the treatment here,
we let the initial hydrogen atom be in the state |i) = 1S; ® |/2>,
where the first part is the internal state 1S and the second
part is the state of the center of mass having momentum hik.
After absorbing the Ly-o pulse, the center of mass would
gain a momentum kick of liky = h2m /(121.6x107%) kgm/s
or equivalently a velocity shift of vy ~ 3.25k, m/s. Since the
wavelength of the photon that couples the 2P and the 2 states
is orders of magnitude larger than that of the Ly-«, we assume
here that the 2P and the 2S states have the same momentum
of h(lz + l%). Thus, after including the center of mass kinetic
energy, the Hamiltonian becomes

i %
2m, 2 0
k_ s 2 K242k Ko +k2 R
H'=h 5 A+ h—Zm,, 5
Q, K24 2kky k2
0 -3 —5+h 2,

(AS5)

To better understand this Hamiltonian, we shift the energy
by subtracting 7i*k?/ 2m,, from the diagonal and identify 2%k -

ky /2m,, as the usual Doppler detuning Ap =7 - ky. Thus we
end up with the Hamiltonian:

0 —L 0
H=h|l-% _AN4735.-k -2 . (A6)
0 & —8' + 0 -k

This is the full Hamiltonian that includes the effect of hav-
ing a moving center of mass for the hydrogen atom. Note that
the factor /i< has a value of approximately one-eighth of a
'y and was absorbed in the definition of the detuning such that

2m

2
A’:A—Flka ,
2m,,
2
8’=8—hk°‘. (A7)
2m
P

Thus the main change in the Hamiltonian would be to
include the Doppler detuning in the relevant diagonal terms.

APPENDIX B: DECAY CHANNELS AND RATES

The decay rates I',, from the different 2P states to the
possible hyperfine levels of 1S, are

I'1(12,2) — 1)) = T,
(12, 1) — [1)) = To/2,
I3(12, 1) — [4+)) =To/2,
['4(12,0) — [1)) = 2I/3,
I's(12,0) — [+)) = I'o/6,
['6(12,0) — |=1)) = T'o/6,
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I7(11, 1) — [1)) = Ty/6,
(11, 1) — [+)) = T'o/6,
Fo(11, 1) — |=)) = 2T/3,
Fio([1,0) — 1)) = 2I'y/3,
I (11,0) — [=)) = To/6,
[i2(11,0) — [=1)) = To/6, (BI)

where the notation is such that ', (|F, mp) — |f)) is the decay
rate from the 2P state having total angular momentum F, with

z component angular momentum my, to the 1S hyperfine state
|f). The hyperfine 1S states are such that (|1), |[+),]| — 1))
form the triplet subspace with decreasing z component’s an-
gular momentum and the |—) is the singlet state. The value
of I'p is found analytically using the quantization of the
electric field [23] and experimentally [40] it has the value
Ty =627x108s71.

We do not include the branching ratio to the 2§ states
through spontaneous photon emission because the decay rate
is about 15 orders of magnitude smaller than that from the 2P
levels to the 1S levels.
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