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FIG. 4. (a) Field ionization trace showing peaks from populations
in many different principal quantum numbers. Dashed lines are the
calculated ionizing field for red Stark states. (b) Ionization peak
locations versus principal quantum number. Note the close agreement
to the red Stark state calculated value of F = (1/9)/n4. The dashed
and dotted lines show the expected ionization fields for nS and nD

states, respectively, following adiabatic pathways toward ionization.
(c) Similar fit assuming adiabatic ionization of nD states.

With an initial density matrix ρ(0) given by a statistical mixture
of the measured initial-state distribution, the state distribution
resulting after j pulses is given by

ρ(j ) = (e−iH tr T )j ρ(0) (T †eiHtr )j , (1)

where tr is the period of the pulse train and H = −1/2n2 is
the unperturbed Hamiltonian of the system.

The applicable form factor has been analytically calculated
for hydrogenic Stark states with parabolic quantum numbers
n1, n2, m, and n = n1 + n2 + |m| + 1, where the atomic
quantization axis and the HCP electric field polarization are
parallel [18]. In this configuration the only applicable selection
rule is �m = 0. No simple analytical formula exists for when
the quantization axis and the HCP electric field polarization
are perpendicular. In the case of weak momentum transfer,
Tf,i ∼ δi,f − iqx〈f |x|i〉 and the applicable matrix elements
are known [19]. In contrast to the parallel case, the selection
rule for the magnetic quantum number is now �m = ±1. As
red-shifted Stark states are predominantly 1D atoms with the
expectation value of the axial electron position much greater
than the radial position, the interaction can be further simplified
to that of 1D atoms interacting with an impulsive kick of given
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FIG. 5. Transition probability from n = 62 to n = 62 + �n for
a momentum transfer of q = 7.9 × 10−5. The probabilities from
the 1D model [Eq. (2)] and from 3D red-shifted Stark states with
|m| � 5 kicked by a pulse with electric field polarization along the
quantization axis are almost the same. The probabilities from the same
Stark states kicked instead by a pulse with electric field polarization
perpendicular to the quantization axis are more than an order of
magnitude lower.

momentum transfer, q. The transition amplitude for a single
impulsive kick in the 1D approximation is given by [20]

Tn′,n = −z(λ − 2/n)n(λ − 2/n′)n′
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where n and n′ are the initial and final principal quantum
numbers, F (a, b, c, y) is the hypergeometric function, λ =
n−1 + (n′)−1 − iq, and z = −4n′n[(n − n′)2 + (qn′n)2]−1.

Figure 5 compares the probability, |Tf,i |2, of a transition
for these three different cases from a red-shifted Stark state
where n1 = 0 and |m| � 5 to a final state with a given
change in principal quantum number. Two points from this
figure are important. First, the overall shape of the curve is
similar for all three cases but the probability of a transition
in the perpendicular kick case is approximately an order of
magnitude lower. Since �E = (2 p0 · q + q2)/2, where p0
is the initial momentum and with perpendicular polarization
p0 · q = 0, one would expect the reduction in energy transfer
and thus transition amplitude when kicked in this configu-
ration. Second, in the two three-dimensional (3D) cases, the
transition amplitude is clustered around similar states. Hence,
the likelihood of driving a transition away from red-shifted
Stark states is many orders of magnitude lower. Given these
results, the 1D model is expected to apply quite well apart
from the correction in overall amplitude necessary for the
perpendicular kick case because atoms that start in a primarily
1D state will stay in similar states.
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Unless a fast decoherence term is added, this model shows
interference effects and emphasizes eigenstates which have
stationary phase at the frequency of the pulse train. This
is not seen in the actual experimental data, suggesting that
decoherence occurs on a time scale similar to the time between
HCPs. This is a shorter time scale than for dephasing due
to blackbody transitions or spontaneous emission. Also no
dependence on density is observed, precluding a collisional
process being responsible for the decoherence. The most
probable reason for the fast decoherence is the fact that
the polarization of the HCP is nearly perpendicular to the
quantization axis set by the static external electric field. Each
kick must change m by ±1, allowing for many more states to
be populated, and small changes in the time between HCPs
will result in dephasing between these states.

Figure 3(d) shows the results of applying the aforemen-
tioned 1D model to the initial-state distribution shown in
Fig. 3(b) measured when no HCPs have been applied. The
predicted ionizing field distribution shown in Fig. 3(c) is
calculated by assigning an electric field distribution to each
principal quantum number centered at the expected field
for red-shifted Stark states with a width proportional to the
distance between adjacent state field ionization center values.

To compare the model and experimental data in more detail,
Fig. 6 shows the electric fields at which 10%, 50%, and 90%
of the atoms have ionized for a series of different initial states.
The agreement between the experimental data and the one
free parameter model is quite good, especially for atoms in
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FIG. 6. Electric field for which the given percentage of the atomic
ensemble has ionized as a function of the number of HCPs applied.
The initial state of the atoms varies from (a) n = 62 to (b) n = 52
to (c) n = 46. Solid lines show the expected value from the 1D
model with momentum transfer per pulse of q = 7.9 × 10−5 in atomic
units.

(a)

(b)

FIG. 7. (Color online) Best fit for the impulse in atomic units
transferred by a single HCP to the 1D model described in the text.
(a) The initial state of the atoms was held fixed at n = 62 while the
amplitude of the HCP was scanned. The solid line shows the measured
amplitude of the HCP. (b) The HCP amplitude was held constant
at a biasing field of 4.3 kV/cm while the initial atomic state was
varied.

higher n states. The lack of agreement for lower n states, or
equivalently populations that ionize at higher electric fields, in
Fig. 6 is caused by a series of factors. First, at lower principal
quantum numbers the 1D approximation, even for a red-shifted
Stark state, begins to break down. Additionally, HCPs applied
to atoms in these states are more likely to drive atoms to
states for which the 1D approximation no longer applies. In
addition, the width in electric field over which a state ionizes
is proportional to the field at which it ionizes. Thus, for lower
n states the width is much greater, resulting in a lower signal
at a given field and increasing the sensitivity to noise and the
exact details of how the conversion between state and ionizing
field distributions is performed.

The maximum momentum transferred per pulse utilized in
the model was calculated by a best fit to the data for the field at
which 10% of the total population was ionized, including sev-
eral initial-state distributions, as shown in Fig. 7(b). Averaging
over these points, we find a calculated momentum transfer per
pulse of q = 7.9 × 10−5. From Eq. (2) and this calculated
momentum transfer, there is less than a 1% probability of an
atom changing principal quantum number by ±1 from the
action of a single pulse for states near n ∼ 50 and a negligible
probability to change by higher amounts. Consequently this
model behaves as a diffusive process and the spreading of
population density is expected. From the measured electric
field of the HCP we expect a maximum momentum transferred
by a single pulse of 5 × 10−4 in atomic units. This is a factor of
5 times more than the maximum calculated from the 1D model
fit as shown in Fig. 7(b). However, correcting the calculated
value for the reduced transition amplitudes when the HCP
kicks the atom perpendicular to its quantization axis, we find
q ∼ 3 × 10−4, which is in close agreement.
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IV. CONCLUSION

In summary, a train of HCPs produces large diffusive popu-
lation transfers independent of the initialnstate of the Rydberg
atoms and operates regardless of the time structure creating
Rydberg atoms. These trains are thus ideal for the control and
ef�cient de-excitation of Rydberg antihydrogen atoms because
they meet all of the previously discussed conditions required
for compatibility with antihydrogen production. The ability
to accurately model the population transfer demonstrated in
this text, using analytical calculations of the inelastic form
factor, will allow for the ef�cient development of enhanced
protocols using, for example, chirped-pulse trains both to
enhance the ef�ciency of the transfer and to drive atoms toward
a desired �nal state. These protocols will depend on coherent
population transfers and thus the rapid dephasing observed in
our experiments must be reduced prior to their implementation.

Regardless of further developments, the population trans-
fers demonstrated in this paper will greatly increase the

probability of trapping antihydrogen atoms. The 10% increase
in l-mixed population withn � 40 has a radiative lifetime
that is a factor of 4 shorter than that ofn = 52; furthermore,
during the 150µs that HCPs were applied, an additional 2%
of the population reached the ground state. For antihydrogen
applications, this reduction from greater than 4 ms to a 1-ms
lifetime should increase the population that reaches the ground
state before annihilation on a trap wall by more than an
order of magnitude based on the current ATRAP experimental
con�guration [21].
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