RESEARCH ARTICLE | NOVEMBER 14 2023
Atomic diffraction from single-photon transitions in gravity
and Standard-Model extensions

Special Collection: Large Scale Quantum Detectors

Alexander Bott @ ; Fabio Di Pumpo © ; Enno Giese

‘ '.) Check for updates ‘

AVS Quantum Sci. 5, 044402 (2023)
https://doi.org/10.1116/5.0174258

@ B

View Export
Online  Citation

Q
(&
o
Ig
(&
(/p)
S
-
e
o
©
-
O
>
<

AIP
é/_‘_ Publishing

6¢:2¥:60 ¥20¢ dunr 0¢


https://pubs.aip.org/avs/aqs/article/5/4/044402/2921319/Atomic-diffraction-from-single-photon-transitions
https://pubs.aip.org/avs/aqs/article/5/4/044402/2921319/Atomic-diffraction-from-single-photon-transitions?pdfCoverIconEvent=cite
https://pubs.aip.org/aqs/collection/1079/Large-Scale-Quantum-Detectors
javascript:;
https://orcid.org/0000-0002-7986-4834
javascript:;
https://orcid.org/0000-0002-6304-6183
javascript:;
https://orcid.org/0000-0002-1126-6352
https://crossmark.crossref.org/dialog/?doi=10.1116/5.0174258&domain=pdf&date_stamp=2023-11-14
https://doi.org/10.1116/5.0174258

ARTICLE

AVS Quantum Science

pubs.aip.org/aip/aqs

Atomic diffraction from single-photon transitions
in gravity and Standard-Model extensions

Cite as: AVS Quantum Sci. 5, 044402 (2023); doi: 10.1116/5.0174258 @ 1 @
Submitted: 29 August 2023 - Accepted: 17 October 2023 - (Rl
published Online: ]4 November 2023 View Online Export Citation CrossMark

Alexander Bott,"® () Fabio Di Pumpo,' () and Enno Giese””®

AFFILIATIONS
TInstitut fiir Quantenphysik and Center for Integrated Quantum Science and Technology (IQST), Universitat Ulm,
Albert-Einstein-Allee 11, D-89081 UIm, Germany

?Technische Universitat Darmstadt, Fachbereich Physik, Institut fUr Angewandte Physik, Schlossgartenstr. 7,
D-64289 Darmstadt, Germany

*Institut flr Quantenoptik, Leibniz Universitat Hannover, Welfengarten 1, D-30167 Hannover, Germany

Note: This paper is part of the Large Scale Quantum Detectors Special Issue.
2 Electronic mail: alexander.bott@uni-ulm.de and alexander.bott@bott.org

ABSTRACT

Single-photon transitions are one of the key technologies for designing and operating very-long-baseline atom interferometers tailored for
terrestrial gravitational-wave and dark-matter detection. Since such setups aim at the detection of relativistic and beyond-Standard-Model
physics, the analysis of interferometric phases as well as of atomic diffraction must be performed to this precision and including these effects.
In contrast, most treatments focused on idealized diffraction so far. Here, we study single-photon transitions, both magnetically induced and
direct ones, in gravity and Standard-Model extensions modeling dark matter as well as Einstein-equivalence-principle violations. We take
into account relativistic effects like the coupling of internal to center-of-mass degrees of freedom, induced by the mass defect, as well as the
gravitational redshift of the diffracting light pulse. To this end, we also include chirping of the light pulse required by terrestrial setups, as
well as its associated modified momentum transfer for single-photon transitions.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1116/5.0174258

I. INTRODUCTION and is in fact key to those measurement schemes. As a deleterious side

Atomic sensors, such as clocks' or atom interferometers,” gain effect, differential laser-phase noise enters the signal” when relying
increasing attention as an alternative for detecting gravitational —~ ©°7 two-photon 4Eransiti0ns, such as Raman or Bragg diffraction
waves,”* possible Standard-Model violations like dark matter” >° commonly used”” for atom interferometers. This differential noise
(DM), or violations of the Einstein equivalence principle?’ > (EEP). is suppressed using (optical) single-photon transitions, whichwcan
While most of these proposals rely on internal atomic transitions, e.g., a150' .drlve optical atomic clocks mn the Lamb—chk? regime. Iil,
induced by (optical) single-photon transitions,”” ** they mainly focus ~ addition, some-atom-mterferometnc tests of EEP rely™ "=
on the dynamics between the times of interaction with the electromag- on such transitions. ] ) ]
netic field. To complement these approaches, we study in this article Even though some demonstrators for atom-interferometric gravi-

the effects of gravity, chirping, and of a basic model for DM and EEP tational-wave detection under construction in horizontal configura-

%1% rely on Bragg diffraction,”"*>** a great number of the

62:21:60 ¥20Z dunr 02

violations on single-photon transitions, focusing on the atom’s dynam- tions

ics during the interaction with electromagnetic fields.

Differential measurements between two spatially separated
atomic clocks or light-pulse atom interferometers, proposed for tests of
gravitational waves™” ’ or DM,'*”>**** probe different points in
spacetime. While a finite propagation speed of light already contributes
to the phase of a single atom interferometer, for differential setups this
effect becomes even more crucial due to the large spatial separations

3 12,14,16 . eyt
current vertical proposals " are based on single-photon transitions

to avoid laser-phase noise. In such terrestrial setups with very long
baselines,”*" ** the propagation of light as well as its gravitational red-
shift’” has to be considered. Moreover, because of gravity, also chirp-
ing”” is necessary to remain resonant during the diffraction process. In
addition, possible DM fields may further modify the transition. Since
other long-baseline setups plan on using single-photon transitions for
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AVS Quantum Science

EEP tests,”' possible EEP-violating fields also have to be included for a
complete description of diffraction.

For the design and configuration of a differential atom-
interferometric sensor, one has to decide on an atom species that has
implications on atomic diffraction:’* Fermions offer weakly allowed
clock transitions such that direct single-photon transitions without an
auxiliary state are possible for fairly low laser powers. However, they
suffer from spontaneous emissions and atom loss, resulting in an
increase in shot noise and loss of coherence. Moreover, the increased
cloud size and high expansion rate, caused by their fermionic nature,
are detrimental for atom interferometers. Contrarily, the correspond-
ing transitions of bosonic candidates have a clock lifetime limited by
El — M1 processes”" and offer the possibility to generate
Bose-Einstein condensates with a low expansion rate. However, a
direct excitation of such a transition with feasible laser powers is not
possible, resulting in the need for magnetically induced transi-
tions."*"*>7"° An alternative for bosons is driving the intercombina-
tion line," although its lifetime is significantly shorter than for the
clock line, limiting interrogation times and the spatial separation of
atom-interferometric detectors.

Consequently, this article focuses on magnetically induced single-
photon transitions. At the same time, by neglecting Stark shifts and by
replacing the effective Rabi frequency by the corresponding actual one,
our results can easily be transferred to direct single-photon transitions
without magnetic fields. In our study, we include gravity,”” chirping,”’
and a weakly coupled, ultralight, scalar dilaton field”” ' as a model
for both DM and EEP violations. We consider relativistic effects like
the coupling of internal energies to the center-of-mass (c.m.) motion
of the atom, induced by the mass defect,”> °® which is necessary for a
consistent modeling of many DM-detection schemes and EEP-test
proposals. In Sec. I, we derive an effective two-level system for mag-
netically induced single-photon transitions including all perturbations
discussed above. The resulting modified resonance condition, applying
to both magnetically induced and direct single-photon transitions, is
discussed in Sec. I11. We study perturbatively the time evolution during
a pulse in Sec. IV and discuss the effects on the phase of an atom after
diffraction. We conclude the article in Sec. V. In Appendix A, we pre-
sent technical details on adiabatic eliminations including time-
dependent perturbations. Appendix B solves the time evolution in the
Heisenberg picture, while Appendix C shows the phase resulting from
the modified wave vector for non-ideal chirping.

Il. MAGNETICALLY INDUCED SINGLE-PHOTON
TRANSITIONS

To include physics beyond the Standard Model, we assume a clas-
sical, scalar, ultralight dilaton field o(z,t) = opy(2,t) + 0pp(2),
which splits” into a DM and an EEP-violating part. It depends in a
one-dimensional model on c.m. position z and laboratory time t and
couples”””” to all particles of the Standard Model including electro-
magnetic fields and the constituents of atoms. As a consequence, elec-
tric and magnetic fields as well as the mass of the atom and its internal
energies depend’®”” on the dilaton. Since we focus on magnetically
induced single-photon transitions for now, the laser does not couple
the ground state |g) directly to the excited state |e) but to an ancilla
state |a), which is strongly detuned by a frequency A from resonance,
see Fig. 1. To transfer the population nonetheless, an additional static
magnetic field, magnetically coupling the ancilla state to the excited
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Fic. 1. Term diagram of a three-level system used for magnetically induced
single-photon transitions between the ground state and the excited state. The sys-
tem consists of ground, excited, and ancilla states |g), |e), and |a) at energies
hag/e/a, respectively. The mean frequency @ of the excited and ground state has
also been introduced to describe the Compton frequency of the effective two-level
system. The ancilla state is coupled to the ground state by an electric dipole
moment d,, interacting with a classical electric wave E. Its frequency i is
strongly detuned from resonance by A. Furthermore, the magnetic dipole u,,
interacts with a static, real-valued magnetic field By, coupling the ancilla state to
the excite state. Both fields are influenced by the dilaton field ¢. The combination
of both fields drives effective transitions from the ground state to the excited state,
which are detuned by o.

one, is required.””*"">*° The Hamiltonian for the three-level system
takes the form

H:ZHJ@vag)U>U| —dE(2,1,0) + itBo(0). (1)
J

It includes the electric dipole operator d = dygla)(g| + h.c. interact-
ing with a classical electric wave E as well as the magnetic dipole opera-
tor it = p,,|a)(e| + h.c. interacting with a static, real-valued magnetic
field By. Here, the dipole transition element d,, is coupling the ground
state to the ancilla state, while the magnetic dipole transition element
M, couples the excited state to the ancilla state. The c.m. momentum p
and position z operators point in the z-direction of the laboratory
frame, with [z, p] = ih. The time- and position-dependent dilaton field
0(z,t) is specified later. Since it couples to the mass-energy of the
atom,”” “° it also influences the motion of the atom in each internal
state |j) through

~2

p
2m;(0)

with ¢ being the speed of light and the gravitational acceleration g
aligned with the z-direction. We emphasize that the state-dependent
mass m;(¢) depends not only on the dilaton but also on the atomic
state |j), i.e., it includes the mass defect’” " and introduces a coupling
of internal states to c.m. operators. Furthermore, we assume

Hj(p,2,0) = mj(0)¢ + + mj(0)gZ, )

E(z,1,0) = Eo() 6”9 4 h.c. 3)

for the electric wave propagating against gravity with dilaton-
dependent amplitude Ey(¢) and phase
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. . ot + o)z ot
oL(z,t) = kz(l +? — %) — @y — th(l +Z> (4)

Here, ¢, is the phase offset of the laser, while wy, is the frequency
of the electric field and « is its chirp rate in units of an acceleration.
Chirping is necessary to compensate for Doppler shifts and induce
resonant transitions in gravity, as shown in Fig. 2, and therefore of
particular relevance for vertical setups. The first term in Eq. (4) is
the spatial mode function and gives rise to the momentum
imparted on the atom via a displacement operator. Without taking
into account any perturbations, it transfers a momentum /ik to the
atom, where the dispersion relation kc = oy, holds, in contrast to
two-photon processes where the effective wave vector can be tuned
independently from the transferred energy. This first term also
includes a time-dependent modification from chirping, usually not
present for two-photon transitions, as well as a gravitational red-
shift factor gz®/(2¢%) from the gravitational modification of the
wave vector. Since chirping acts as an additional acceleration, it
also appears as an accelerational redshift factor «2?/(2¢?). Hence,
the momentum transfer does not include a redshift modification
proportional to 2* for perfect chirping « = —g. These perturba-
tions can be derived from a gravitationally modified eikonal

. 67
equation.

A. Rotating-wave approximation

To remove the time dependence from the phase of the light field,
we change into a co-rotating picture by applying the unitary
transformation

pr — mgt Dr

Fic. 2. Term diagram for single-photon transitions between the effective two-level
system of ground state and excited state including the kinetic contributions, where
the ancilla state is not shown. This interaction transfers energy between the atom
and the electric field E, given by the field’s frequency « and momentum through
its wave vector k. The static magnetic field By only mediates the transition without
any transfer of energy or momentum. For one set of parameters, only one momen-
tum can be resonant. We therefore marked the initial resonant momentum by p;.
During the interaction in gravity, the atom is accelerated to a momentum p, — mgt,
which gives rise to a Doppler shift that has to be compensated to remain resonant.
This is done by introducing a frequency chirp « that modifies the resonance condi-
tion (left transition), and we find perfect compensation for « = —g. However, due to
the dispersion relation, the transferred momentum is modified as well in a perturba-
tive manner. The energy difference between both internal states w,g is modified by
a differential Stark shift Aw, already included in the term diagram.

ARTICLE pubs.aip.org/aip/aqs

Orce = (a) a] + &) (e)elosE/2-01) 4 fg) gle~onerzeon, - (3)

with mean frequency @ = (®, + @) /2 between ground and excited
state, see Fig. 1, where @; = m;(0)c®/h is connected to the mass m;(0)
in-state |j) evaluated at the Standard-Model value for ¢ = 0. The
transformation removes the laser phase and includes a momentum
displacement, since because of momentum conservation atoms that
have absorbed light from the electric field experience a momentum
kick. For complex dipole moments d4, and s, the transformation can
be modified to remove respective phases. Since we consider a static
magnetic field, neither energy nor momentum are transferred by this
field, as apparent from Fig. 2, and no oscillating phase factors appear.
Moreover, the product By (¢) remains unchanged by the transforma-
tion such that no corresponding transformation for the magnetic field
is necessary. In contrast, we find four contributions from —dE(2, t, ).
After the transformation described above, two counterrotating terms
arise that oscillate with twice the (optical) laser frequency w;. Hence,
we perform the rotating-wave approximation”® by neglecting these
quickly oscillating terms. The validity of this approximation is inde-
pendent of the internal energies, instead a large temporal derivative of
the laser phase ||y /[daEo(0)]|| > 1 is required.

After the rotating-wave approximation, we find the Hamiltonian
in the rotating picture and cast it into a matrix form. To this end, we
choose the basis (|/,), [V,), |npg>)T, where [;) describes the c.m.
motion in-state |j). We arrive at the Hamiltonian

" 20, +A] Qo) Qp(o)
Hyop = 3 Qo) 20,40 0 =h A
T Ve
Qx(0) 0 20— Ve

At

~

Va+A

(6)

with auxiliary detuning A = w, — @ — wy/2, two-level detuning
0= w,— Wy — oL, both depicted in Fig. 1, as well as the Rabi fre-
quencies Qp(0) = —2dqgE(0)/h and Qp(0) = 2p,,Bo(0)/h for the
electric and magnetic transition, respectively. Here, the c.m. dynamics
associated with different internal states via the mass defect is given by

ZA/a/e:Ha/e(ﬁ+h’%7239)/h7wu/e +@7 (72)
. Aa L. ko(z — ct
Vg:Hg(p—h;c,z,g)/h—wg—i(26 ), (7b)

with the momentum displacement hik = hk[1+ at/c — (g + o)z /
?]/2. Moreover, we defined in a second step in Eq. (6) the
abbreviations,

= 1/7Qp0) o (De+9)2 0

T‘E<QE(9) and g =\ p-spn) ®
for a more compact notation. For strongly detuned ancilla states where
A is much larger than all other frequency scales, one expects that this
state is only virtually populated for short times. Similar to two-photon
transitions, we can adiabatically eliminate this state and describe the

effective dynamics only between ground and excited state induced by
single-photon transitions.

B. Adiabatic elimination

To reduce the Hilbert space from three to two states and to obtain
an effective two-level system, we define”” a projector P with
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[,) = P(|y,), \npg))T. Since H,y depends on time, P may also be
time dependent, in contrast to the conventional treatment.”® " In
Appendix A, we derive the Schrodinger equations for [y,) and
(Ie), g)) and find the Bloch equation,
. - PN O~ ann

AP+ T = ~0aP 4 Phg + i P+ PTP, )
taking into account a possible time dependence of the projector.
Afterwards, we make a series ansatz P = > ' P,, for the projector,
assuming a perturbative expansion obeying ||P,,1|| < ||P,||. We also
require that A is much larger than all other frequency scales of the
Hamiltonian, leading to expansion parameters ||,/A|, |[Ze /Al
and ||T /A||. Furthermore, we assume that the frequency scales intro-
duced by chirping and the dilaton are also small compared to A, ie.,

15a/A?], ||155g/A2||, and HT/AZH are of even higher order. These

relations imply that ||P,, /A|| is also of higher order.

Next, we search for a relation ||P,,,,|| ~ ||P,,/A||, which allows
us to truncate the series. If | |Po|| ~ |A™"| holds, the right-hand side of
the Bloch equation is smaller than the left-hand side by at least one
order in the expansion parameters. As a consequence, we neglect terms

on the right, resulting in the lowest order Py = -7 /A, fulfilling the
condition ||Py|| ~ |A™"|. Higher-order terms and a more detailed der-
ivation of the Bloch equation can be found in Appendix A. Here, we
use only the lowest-order contributions to determine the Hamiltonian
acting on the reduced space containing only excited and ground state,

ie., Hot/h = 71’ /A + D¢y By assuming a weakly coupling, ultra-
light dilaton field with |lo(z,¢)|| < 1, such that 0Qg/p/00l,—,
< Qp/p(0), we can neglect terms scaling with ¢(z,t)/A in the
Hamiltonian. This way, we obtain an effective two-level Hamiltonian
in the matrix form

o hf2v 4+ Q
H“"*E( Q 25—19)’ (10)

with effective Rabi frequency Q = —Qg(0)Qg(0)/(2A), where all dila-
ton perturbations of the electromagnetic fields can be neglected. The
remaining influence of the dilaton field is restricted to the diagonal ele-
ments of the Hamiltonian, which includes the mean energy »
= (Ve + Ug) /2 + g and effective detuning & = v, — 7y 4 0 + A,
of the effective two-level system. This effective two-level description
introduces mean and differential Stark shifts, given by @, = —[Q%(0)
+Q2(0)]/(8A) and Aw, = [Q5(0) — Q3(0)]/(4A), respectively.

Note that for direct single-photon transitions without a magnetic
field, one can directly use a two-level Hamiltonian in the form of Eq.
(10) by assuming vanishing Stark shifts and replacing the effective
Rabi frequency by the fundamental one. All other features, in particu-
lar the resonance condition discussed in Sec. III, remain of the
same form.

11l. RESONANCE CONDITION FOR SINGLE-PHOTON
TRANSITIONS

For discussing single-photon transitions, both magnetically
induced and direct ones, one needs to analyze the resonance condition
based on the (effective) Hamiltonian H o, including chirping and per-
turbations. To this end, we split the dilaton field ¢(z,t) = opy (2, 1)
+ 0pp(z) into DM and EEP-violating contributions. We consider an

pubs.aip.org/aip/aqs

ultralight dilaton field expanded locally in the laboratory frame.
Cosmological and galactic contributions to this field act as back-
ground resulting in DM, and local gravitational contributions
sourced by Earth act as EEP violations.”” The DM part gpy(Z, t)
= Qg cos(wyt — kyZ + ¢,) includes the perturbative amplitude ¢,
the frequency o,, the wave vector k,, and the phase ¢, of the DM
field. The EEP-violating part opp(2) = fsgzc™* contains the coeffi-
cient f5 that arises from the expansion of a source mass, e.g., Earth,
in orders of the dilaton field. Similarly, we expand the internal-
state-dependent mass of the atom m;(g) = m;(0)[1 + Bo(z,1)]
around its Standard-Model value m;(0), with linear expansion
coefficient ;. We define the mass defect™ as m,/,(0) = m *hwe,/
(2¢%), with mean mass m and energy difference between the inter-
nal states w, = w, — @g. Then, we insert the dilaton field and the
mass defect into Eq. (2) and approximate all terms to first order in
2, 0o, Beje» and @eg /. Consequently, DM introduces time-
dependent oscillations of the internal energies,/' while the trans-
ferred momentum is modified according to Eq. (4) by chirping™®
and by the gravitational redshift’” of the wave vector k. The kinetic
and potential energies include state-dependent modifications due
to the mass defect and possible EEP violations.

Then, we remove the unperturbed free-fall part, the recoil fre-
quency wy = fik?/(2m), and other constant energy shifts by using the
transformation into a mean Heisenberg picture,

~2 SN
U = exp {7i<21;1—h+%+%+@m>t]. (1)
For the Heisenberg trajectories, we find the replacements p — py
=p —mgt and Z — zy = z + pt/m — gt*/2, which correspond to
classical trajectories in an unperturbed gravitational potential. The
transformation leads to the (effective) detuning in the Heisenberg
picture,

kozy
c

— A ~2
O (MgEn _ Ba _ O) | oapos
Y ( h 2mh 4)+wAﬁ@(z”’t)

+{k[)7H ociti(ngoc)i'H}7 (12)

2m ¢ 2

Dy = (weg + U+ Ao)uc) — oy — k(e +g)t+

with A =, — B, and where we introduced the anti-commutator

{A,B} = AB + BA for two operators A and B. The first parenthesis
in Eq. (12) describes the energy difference between both internal states,
including the Doppler frequency ¥y = kp /m associated with the recoil
during absorption, as well as the energy shift Aw,. caused by Stark
shifts. This energy has to be transferred by the light field, i.e., by wy.
The c.m. motion of the atom during the interaction introduces a
Doppler shift —kgt that can be compensated by the term —kat if the
laser frequency is appropriately chirped.

However, the momentum transfer is modified by chirping so that
the current c.m. position of the atom enters. Additional position- and
time-dependent modifications of internal, potential, and kinetic ener-
gies, as well as the recoil frequency caused by the mass defect, the cou-
pling to DM, and EEP violations appear. Further modifications to the
Doppler frequency arise due to the modification of the momentum
transfer, as can be seen from the anti-commutator in the last line of
Eq. (12). All of these modifications cannot be included into the static
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frequency oy, in actual experimental setups. Hence, we choose the laser
frequency wr = ey + kp: /M + Aw,, in the Heisenberg picture, rep-
resenting the unperturbed resonance condition but not obeying the
modified resonance condition due to perturbations. The second contri-
bution in the unperturbed resonance condition describes the Doppler
shift at the beginning of the interaction and defines the resonant
momentum p;. In this case, we obtain

k(p — p, 5
L T
~2 — A
O (_ Pn mng_%) A3
+ 5 ( th—O— i 1 + @APo(zy,t)
+{@,g_w}, 13)
2m ¢ c2

which depends only on chirping, gravity, and velocity selectivity
(p — pr)/m, ie., a deviation of the momentum distribution from the
resonant momentum, as well as perturbations induced by the dilaton
field, the mass defect, and the modified momentum transfer. We illus-
trate this modified resonance condition given by 7y in Fig. 3. For the
reduced mean energy in the Heisenberg picture, we find

A )_@g+%(£+u2t2/2—gg+a>zH)7
4m 2 \c c

(14)
with B = (B, + B,)/2.

We observe that modifications to Doppler shifts arising from the
mass defect and the modified momentum transfer cannot be fully
compensated. In summary, we find from the effective resonance con-
dition that even in the case « = —g and neglecting velocity selectivity,
perturbative effects persist. As such, it causes a different time evolution
during the pulse compared to the unperturbed case, and, thus, leads to
phase shifts on diffracted atomic wave packets that scale with the pulse
duration. We stress that these results are valid for both magnetically
induced single-photon transitions and, with the replacements dis-
cussed above, also for direct ones.

IV. PHASE SHIFTS BETWEEN DIFFRACTED WAVE
PACKETS

Since the modified resonance condition affects the time evolution
during the pulse, perturbations lead to additional phase shifts between
diffracted and undiffracted atoms. In our study, we included as pertur-
bations possible EEP violations, DM, chirping, the redshifted momen-
tum transfer, and the mass defect. In the following, we analyze effects
of these perturbations on the phase imprinted on atoms by the pulses.

We assume that the unperturbed resonance condition is suffi-
ciently fulfilled so that the residual detuning #;; and mean energy v/
can be used as perturbative quantities, leading to a Rabi frequency that
is dominant compared to these frequency scales, ie, Q> ||in]|,
[|7x]]. Similar to previous works, " we change into an interaction
picture with respect to the unperturbed Rabi oscillation via the trans-
formation U, and then solve the time evolution of the remaining per-
turbations with a Dyson-series approach, see Appendix B for details.
Since we consider weakly coupled, ultralight DM, we expect it to have
a small Compton frequency and associated wave vector.'” Therefore,
we neglect its time dependence over the duration of a pulse and evalu-
ate the field at the initial time of the pulse. This assumption results in

ARTICLE pubs.aip.org/aip/aqs
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Fic. 3. Perturbations to the resonant transition in an energy-momentum diagram
shifted in the co-rotating frame. The momentum of the excited state is displaced by
—nhk/2 in the co-rotating frame, the one of the ground state by +fk /2. The unper-
turbed energies are given by the dashed parabolas, but are modified to A4 (solid
lines) including all perturbations. Without any perturbations, the momentum p; is
resonant and the resonance condition includes the initial Doppler detuning kp, /m
as well as the energy difference weq and differential Stark shift Aw,c. This reso-
nance is modified by perturbations, as shown in the magnified part below the figure.
Gravity causes an additional Doppler shift as shown in Fig. 2, as well as a gravita-
tional redshift, which shifts the momentum transferred by the electric field. Both
effects can be compensated by chirping the frequency of the electric field with chirp
rate o = —g. The mass defect shifts the internal energies depending on the atom’s
momentum, modifying the dispersion relation. Finally, dark matter causes the ener-
gies of the internal states to oscillate in time, as highlighted by the blurred line of
the internal energies.

the relation ¢py(Zn,t) = opm(2,0), with perturbative parameters
y/Q, kop/(mQ), and k,g/Q* < 1. With this procedure, we arrive
at the solution U for the time evolution in the Heisenberg picture, see
Appendix B. Transformed back into the Schrodinger picture, we find
the time evolution

()= Um®U (U0 = Y Uhlnl s

jn=eg

All time-dependent operators 0i j» acting on the cm. motion and
describing the transition between internal states, are listed in Appendix
B. For simplicity and clarity, we discuss effects of mirror pulses in the
following, being specified by Qt = n. We consider a diffracted atomic
wave function in momentum representation,
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Vi (p.1) = (BT ¥hoy), (16)

which depends on the initial internal state |j) and the final state |#).
The momentum of atoms initially in the ground state is increased by
hk after diffraction. Hence, we find the phase difference,

¢n = arg [lpe,g(P + hk? t)] —arg [l//gx(pv t)}
= ¢o + ¢pm + Prp + dup + Pwys (17)

between phases of atoms after their transition from ground to excited
state and the vice versa case, which is the relevant contribution for a
mirror pulse in an atom interferometer.

In the following, we list phase contributions to ¢, of the unper-
turbed part, DM, EEP violations, the mass defect, and the wave vector
modification caused by gravity and chirping. To this end, we assume a
Gaussian initial state for the c.m. wave packet before the pulse in
momentum representation,

(P - pe/g)2 .Pze/g
<p|lp0,e/g> X exp ( 2h202/ +i B ) (18)
e/g

with internal-state-dependent widths fig,/,, momentum expectation
values p,,, and mean positions z,.

This wave packet results to leading order in the unperturbed
phase
p+ mgt

h

t2
+2kggz“—wL<t+C;—c>, (192)

b0 = —2¢, — k(z + Az/2) — Az

which contains the difference of initial position Az = z, — z, and the
mean initial position z = (2 + 2,)/2. This unperturbed part includes
twice the laser phase offset ¢, and a contribution kz that arises from
the unperturbed momentum transfer. Moreover, separation terms that
depend on Az and the momentum appear. Another term results from
a chirping mismatch g + o, but is suppressed by the square of the Rabi
frequency. The unperturbed part also includes the laser frequency dur-
ing the interaction because of the internal transitions, similar to atomic
clocks when including chirping. Moreover, for o = —g, we would
obtain a kgt? /2 term from the laser frequency.
The phase difference induced by DM during the pulse

_ -0
$pom = wtﬁ& 0pm (2, 0)[,_z ko Az (19b)

results from assuming k, < fio,,, ie., taking into account only the
mean coupling of DM to the rest mass of the atom, depending on the
residual phase of the DM wave ¢, — k,Zz.

Possible EEP violations lead to the phase difference

(k,—p+wk +kﬁ)7 (19¢)
m 2

with recoil velocity v, = fik/m, Doppler frequency kp/m, and recoil
frequency wy = fik*/(2im). The first contribution stems from different
initial positions in the mean gravitational potential, while the second
contribution originates from different gravitational accelerations for
each internal state, resulting in different Doppler shifts.

The mass defect causes a phase difference between excited and
ground state

4, mghAz g/
¢rp = —BBs h t —2ABBs Ry

ARTICLE pubs.aip.org/aip/aqs

Weg g/ Vi (kp kgt)
= 4B T = 1
d)MD @ Qz (ﬁ’l + wr + 2 ) ( 9d)
resulting from asymmetric diffraction between those two states under
gravity.
Finally, the wave-vector modification leads for perfect chirping,
ie, o = —g, to the phase difference

kgt {Q(, pt vt gt2> 2w gt}
d)WV_Q T2 2 +7[771c+7tc+7tc’ (19¢)

where chirping has modified the wave vector and, by that, the momen-
tum transfer during the pulse. Additional contributions for imperfect
chirping a # —g are listed in Appendix C, and only in this generalized
case, the finite widths fic,, appear in the phase difference. In this case,
additional contributions due to the gravitational modification of the
wave vector of light arise. Note that in counterpropagating two-photon
transitions, such effects cannot be compensated by chirping, in con-
trast to single-photon transitions.

Among the phases listed above, the dominant phase contribution
stems from the unperturbed single-photon phase ¢,, even though
some of its terms vanish for perfect chirping. Since we observe

ke 2 zm?

R LI | P — 20
dwy ¢MD2weg +2 2t/ + i+ gt|’ (20)

we conclude that the relativistic contributions induced by a wave-
vector modification and by the mass defect are of similar order, but
their relative size depends on the duration of the pulse. In fact, for
short pulses one expects ¢y to dominate.

In an atom interferometer that tests for dark matter or EEP viola-
tions, one seeks to bound the coupling parameters 3, Af, or fs. While
a measurement of the phases ¢gp and ¢y, may serve such a purpose,
stricter bounds are given by the interferometer signal induced during
propagation in between the diffracting pulses. Since the phases pre-
sented above are on the timescale of the pulse duration ¢ ~ 1/Q that is
much smaller than the interrogation time of the interferometer, we
refrain from discussing the bounds implied by Egs. (19b) and (19¢) or
their relative size.

Similar results for beam splitters with Qt = 7/2 can be obtained
from the time evolution in Appendix B. Since the effects of the pertur-
bations presented here take place during the pulse, they will be sup-
pressed for short durations.”” Such short pulse durations are limited by
the effective Rabi frequency, but in contrast to Bragg diffraction” no
higher diffraction orders arise. Hence, in principle, a short pulse dura-
tion and a large effective Rabi frequency are possible, but they are lim-
ited by the coupling strength and the available laser power and
magnetic field intensity.

For direct single-photon transitions without magnetic field,"” the
Rabi frequency would be time- and position-dependent due to dilaton
modifications, which are suppressed by ¢/A in the magnetically
induced case. However, to first order in ¢, and ¢ 2, the Rabi frequency
commutes with 77;; and 'y even without magnetic field, so that our
results immediately transfer to direct single-photon transitions.

V. CONCLUSIONS

In this article, we described the light-matter interaction for
single-photon transitions, including gravity and perturbations like

AVS Quantum Sci. 5, 044402 (2023); doi: 10.1116/5.0174258
© Author(s) 2023

5, 044402-6

62:21:60 ¥20Z dunr 02


pubs.aip.org/aip/aqs

AVS Quantum Science ARTICLE

DM, EEP violations, as well as a modified wave vector of light caused
by gravity and chirping. As such, we derived an effective two-level sys-
tem for single-photon transitions with a magnetic field. Considering
the dynamics during the pulse shows that the resonance condition
contains modifications from these perturbations, causing imperfect
diffraction of atoms. Moreover, we showed that these perturbations
result in additional phase contributions for atoms after diffraction. For
example, in contrast to two-photon diffraction, chirping leads to a
modified momentum transfer due to a fixed dispersion relation, which
would even be present in the instantaneous-pulse approximation. In
contrast, the gravitational redshift of light implies a modified momen-
tum transfer for two-photon transitions.”” As we demonstrated, how-
ever, this effect is suppressed in single-photon transitions for perfect
chirping.

We emphasize that our results can be immediately transferred to
direct single-photon transitions without a magnetic field, starting
directly from a two-level system and not an effective one. Then, effec-
tive quantities like the Rabi frequency are replaced by their counter-
parts, while no adiabatic elimination is necessary.

Vertical terrestrial proposals'>'* '******” take place in gravity.
Hence, chirping is crucial to stay on resonance, which becomes partic-
ularly relevant for very-long-baseline setups.””** As discussed here,
chirping leads to a modified momentum transfer, which has not been
considered in earlier works so far. Hence, by including all relevant per-
turbations consistently, we have performed the first step by focusing
on the dynamics during the pulse. The next step, before turning to dif-
ferential atom-interferometric schemes, would be to transfer our
results to single atom interferometers with many pulses and to include
also the dynamics between the pulses and the corresponding perturba-
tions without electromagnetic interaction. Although the effects during
the pulse are small in the context of atom interferometers for suffi-
ciently short pulse durations, they might accumulate for multiple
sequential pulses and large-momentum-transfer schemes'” planned
for gravitational-wave and DM detectors.”'* Our results will help to
analyze also much more dominant effects between the pulses and will
lead to a comprehensive description of differential atom-
interferometric experiments.
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APPENDIX A: ADIABATIC ELIMINATION

The three-level Hamiltonian for magnetically induced single-
photon transitions from Eq. (6) is of the form

. At
ﬁ_h<”affA T), (A1)

T

where the free evolution of the two-level state |y/,,) = (|{.), \l//g))T
and the ancilla state |\f,) are determined by 7, and 7, + A.
Transitions between the two systems are described by T, and all
quantities except A may depend on time. We now define the projec-
tor™ P such that |yy,) = P|lﬁeg>. Note that H depends on time, so P
may also be time dependent. Without this projector, we find the
Schrodinger equations,

%W’J = (Za+ AW + T ), (A2a)

0 .
l& w/cg> = iju> + ﬂeg'weg>7 (A2b)

for the ancilla state and the two lower levels. Then, we use [/,)
= P|y,,) to eliminate the ancilla state, resulting in

9 .
l_|ll/eg> =P '

. Sooat 0
o (Pat AP+ T 2P| Wy), (A3a)
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0 _—
i W) = | TP+ g | ) (A3b)

Both equations describe the time evolution of the two lower internal
states so that the Hamiltonians as defined by the right-hand sides
must be the same. Thus, we obtain the Bloch equation for the pro-
jector P,

o o . .
AP+ T" = —i0,P + Pirgy +i— P + PTP, (A4)

from equating the right-hand sides, including a time derivative of
the projector due to the time dependence of the Hamiltonian. The
solution of the equation can be found by employing the ansatz
P =3P, We search for a perturbative expansion where
[[Pyi1]] < [|Pal|, in order to truncate the series. For that, we
assume that A is much larger than all other frequency scales of the
Hamiltonian, leading to the expansion parameters ||7,/A]|,
[|Zeg/Al], and [|T/A||. Furthermore, we assume that the frequency
scales introduced by chirping and the dilaton are also small com-

pared to A, ie., ||&./A%], Hf/eg/AZH, and ||T/A2\| can even be
treated as of higher order than the parameters above. Consequently,

[|P,/A]l is also of higher order.

As outlined already in the main part, we search for the relation
[[Pyi1|| ~ ||Pn/A]|, allowing us to truncate the series. If additionally
[[Po|| ~ |A™"| holds, the right-hand side of the Bloch equation
becomes smaller than the left-hand side by at least one order in the
expansion parameters. As a consequence, we neglect terms on the
right-hand side and find the lowest order of the projector series

. 1.

Py=—-—T A5

0 A ) ( )

which fulfills the condition [|Pg|| ~ |A™"|. The next order can be

obtained by inserting the series representation of the projector into

the Bloch equation and by canceling the lowest order from both
sides to obtain

~ S 0 4t

Plz—(l/aT —Tl/eg—l&T), (A6)
fulfilling the relation ||P;|| ~ ||Po/A|| as desired. By inserting this
result into the Bloch equation and by applying the Cauchy prod-
uct to the double sum, we find the recursion formula for higher
orders

. 1 L PR = P
Puyi=— (—ﬁaPn +Pulg+i—P,+ PkTP,,k), (A7)
k=0
for n > 1. Hence, the desired behavior of ||P,. || ~ ||P./A|| is
achieved by the above choice of Py. From the Schrodinger equation
for the two lower states in the form of Eq. (A3b) follows the effective
two-level Hamiltonian

. ho
Hao = (TP + 0 ) 2 = 2 TT" 4+ g (A8)

to lowest order in A~'. Including further corrections of
higher orders than A™' would require a symmetrization of the
Hamiltonian.®”
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APPENDIX B: TIME EVOLUTION IN HEISENBERG
PICTURE

The resulting Hamiltonian in the Heisenberg picture

T = h (zaH + 0y Q > ®B1)

2 Q 204 — Iy

after adiabatic elimination includes the detuning 7y and the mean
energy vy as given in Egs. (12) and (14). We assume that the
unperturbed resonance condition is sufficiently fulfilled such that
vy and Dy can be treated as perturbative quantities, i.e.,
Q> ||#n]], [|[7ul|. Hence, the dominant frequency contribution to
the Hamiltonian is given by the Rabi frequency Q. We remove this
contribution’” by changing into a picture co-rotating with Q via the
transformation

Uo— cosp, —ising, (B2)
¢ —ising,  cosq,

with (half) pulse area ¢, = Qt/2. This way, we find the transformed
Hamiltonian

N h 20y + iy cos?2
Hq,—2< H H Py

_ —ivy sin 2¢, (B3)
iy sin 2¢, '

20y — Dy cos 2¢,

For the generation of 7 and 7/2 pulses as mirrors and beam split-
ters, the typical interaction duration is proportional to Q~'. We
observe that the transformed Hamiltonian is perturbative on these
timescales, ie., ||H,||/(HQ) < 1. Thus, we can use a first-order
Dyson expansion to determine the time evolution in the co-rotating
picture. Reverting the transformation U, after performing the
expansion yields the time evolution in the Heisenberg picture

- ( Clcosw,fgsingot

—iCy sin @y + iS cos @ (B4)
—iC; sin ¢ — iS cos @,

Co cos ¢, + Ssin @,

with operators
. t.
C1/o =1- %J de[204(t) = iu (1) cos 29, | (B5a)
0
X t
S= éJdTDH(T) sin2¢,, (B5b)
0

which include integrals over the time-dependent detunings and trig-
onometric functions. For t ~ 1/Q, a (partial) integration of the
time-dependent DM field o), leads to contributions of the order
O(got?). We neglect these contributions and evaluate the DM part
at the initial time, ie., opy(ZH,7) = 0pp(%,0), treating the DM
field as constant during the interaction. The detuning and mean
energy in the Heisenberg picture can then be cast into the form

oy = Z;:o ¢ and Dy = Z;:o AL respectively, with coeffi-
cients 77 and 7Y as given in Table I. Carrying out the integrations
in Eq. (B5) leads to the time evolution in the Heisenberg picture

with matrix elements U,,, = (n|U|m), with m,n € {e,g}. The
diagonal elements are given by
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Taste . Coefficients #) and & of the detuning vy = Efzo o0t and mean energy shift vy = Efzo 798 in the Heisenberg picture expanded in powers of time. Here, we
have assumed that the dark matter field is constant on the timescale of the pulse, i.e., opy(ZH,t) = opy(2,0), with perturbative parameters w,/Q, k,p/(mQ), and
ng/Q2 < 1. If the unperturbed resonance condition is not met perfectly or velocity selectivity arises, its residual contributes to the effective detuning and is time independent,
as expected. Similarly, the Doppler effect as well as chirping lead to a detuning that depends linearly on time. In addition to these known contributions, other perturbations are
included that in addition arise from gravity (~ g), chirping (~ =), the mass defect (~ weg), EEP violation (~ f), and dark matter (~ gpy). The mean energy is solely deter-

mined by these perturbations.

¢ Coefficients ) of the detuning iy Coefficients &) of the mean energy Uy
£ (Weg + Ui+ Awye) — o +@+weg(—mg2__ﬁ2 _%) oPopy (2 0)+@Bﬂ£—@wﬁ—%7(g+“)2
@k W TR U 2mh 4 =DM S am e 2 &
_ . _ z kp (g+a)z
+0ABeow(2,0) + DARSES - {% A
p 2 5 @ 8p 2p 8P kgwe ox (o gtap
# —k (1 P——‘SZ> 202 (22 4 Appg ) 82 8P | K& | Dk (2 _ET AP
Cra\1+7mz =) T T 25 TA8Ks )5 Phs 4 T2 \e T E m
3kgu  we Mg g . glg+o) oo & oo g+ag
2 _Ter 87T pHhABB— _ s 4R 2
2¢ @ h Pbs 2¢2 ok c? @b 2¢2 + 2\ * ¢ 2
2
£ —k(g + )% 0
. i 50 1 i2, <~ o0 n;(t) origina.tes. from the wave-vector. modiﬁcation together with.imper-
Upyp= cosp, |1 — IZ 1 + 02T (B6a) fect chirping (« # —g), generalizing Eq. (19¢) from the main part.
=0 J j=0 With momenta for ground and excited state separated by ik after

and the off-diagonal elements by
' 3 5(1') {1

Cjrl | 20

with 7./, = +1. In these matrix elements, the coefficients #;(t) and
&;(t) result from the integration of trigonometric terms combined with
the time dependence of the detuning and the mean energy and are
given in Table II. Notably, the zeroth-order coefficient for the oft-
diagonal elements vanishes. A constant detuning, therefore, does not
influence the off-diagonal elements of the time-evolution, which
describe the transition between internal atomic states. At ¢, = 0, we
furthermore find U = 1 as expected. The pulse areas of interest are
those of mirror pulses, where ¢, = /2, and beam-splitter pulses,
where ¢, = 7/4, in which the form of Un,m given in Eq. (B6) is valid.

APPENDIX C: PHASE FROM MODIFIED WAVE VECTOR

In this Appendix, we present the phase difference of a
Gaussian wave packet for a mirror pulse after diffraction that

diffraction, we find

2
b = _@(E_g_gjg _E<LP+&+&¢>

c m 2 2 P \mec ¢ ¢
k(g +2) (pftgf) A1
2¢2 m 2 2 2 o
L (Pemp—mgt 2+ pe—p—hk—mg\* 1
hag ha? a2
Az k(g+a
849, Mt
p v ’ pgt gt gz m—12 (gt :
2( =+ o4 I 4920 = .
x (ﬁ16+2c> +fnchFZCZjL c2Jr 2n? (c)
(C1

All but the first line cancel in the case of perfect chirping. Moreover,
we find that only if there is a chirping mismatch, the finite width of
the wave packets is relevant.

TagLe II. Coefficients that contribute to the matrix elements of the time evolution in the Heisenberg picture with (half) pulse area ¢; = Qt/2, calculated through the Dyson series.
The coefficients determine the influence of the detuning 1 on the time-evolution, where the jth coefficients are prefactors of the operators ) defined in Table |. Here, 1;(t) con-
tributes to the diagonal elements of the time-gvolution operator, &;(t) to the off-diagonal elements. Notably, to zeroth order there is no contribution to the off-diagonal elements

so that a constant detuning has no effect on the transition between internal states.

Coefficients 1;(t) for diagonal elements (n] Uln)

Coefficients &(t) for off-diagonal elements (n|U|m # n)

2 sin ¢,
2¢, sin ¢,
—4sin @, + 4¢, cos ¢, + 4¢?*sin @,
—12¢, sin @, + 12¢? cos @, + 8¢? sin ¢,

W = O |

0
—2sin ¢, + 2¢, cos ¢,
4, (—sin ¢, + ¢, cos ;)
2(4¢7 — 6)(—sin @, + ¢, cos p,) — 497 sin ¢,
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