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A novel quantum control protocol utilizing two-photon processes with trigonometric pulse modulation is
developed, enabling the intermediate state population’s dynamic elimination (DE). The proposed DE
technique excels at single-photon resonance in contrast to the well-known adiabatic elimination (AE)
regime, which requires large single-photon detuning and strong pulses. The DE approach outperforms AE
in efficiency and exhibits enhanced resilience to one-photon detuning since the key control parameter, the
effective two-photon Rabi frequency, inversely proportional to the modulation frequency, does not depend
on the one-photon detuning. The comprehensive analysis of population transfer and Ramsey interferometry
demonstrates the protocol’s superiority, achieving enhanced signal-to-noise ratios and higher fidelities with

respect to existing two-photon methods.
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Quantum control techniques are crucial for precise
manipulation of quantum systems. Much of the success
of quantum technologies stems from our ability to manipu-
late two-photon transitions. The most universal approach
involves stimulated Raman transitions (SRT), where two
strong fields, far detuned from single-photon transitions,
favor the two-photon transition via an intermediate state.
This concept has been instrumental in numerous break-
throughs, including laser cooling [1—4], quantum clocks
[5-7], Rydberg blockade [8], atom interferometry [9—13],
coherent population trapping [14,15], and spin squeezing
[16,17]. In the far-detuning limit, an effective two-level
system emerges between states connected by a two-photon
transition through an intermediate state. This is often called
adiabatic elimination (AE) [18-21].

For coherent population transfer via two-photon tran-
sitions, alternative schemes exist, notably stimulated
Raman adiabatic passage (STIRAP) [22]. STIRAP trans-
fers population adiabatically through a dark state created
by two fields, leaving the intermediate state unoccupied
[23,24]. This technique has far-reaching applications in
atomic and molecular physics [25,26], trapped-ion physics
[27], optics [28], superconducting circuits [29,30], entan-
glement generation [31], optomechanics [32], and qubit
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manipulations [33-35]. Its versatility and efficacy make
STIRAP a valuable tool in quantum technology.

Despite the remarkable progress in two-photon transition
techniques, existing methods are scarce. This work bridges
this gap by introducing a novel technique for achieving
flexible, high-fidelity two-photon transitions. Our proposed
mechanism employs two overlapping pulses with oscillat-
ing envelopes in a relative phase offset. This design exploits
zero-area pulses [36,37] to suppress single-photon transi-
tions, while the phase difference selectively enhances
two-photon transitions. By eliminating intermediate state
population, our scheme boosts the overall fidelity of the
transition. Notably, its analytical solution provides a
complete description of the dynamics, guaranteeing the
intermediate state’s vacancy at completion.

When the modulation frequency w, exceeds 1/1,
(¢, being the pulse duration), the addressed three-level
system effectively reduces to a two-level system, mirroring
AE behavior, with the intermediate state remaining unoc-
cupied during transitions, but generating a dynamical
elimination (DE). This similarity prompts a comparative
analysis of both techniques. Notably, we find distinct
effective Rabi frequencies: Q. (7) = Q*(1)/(4w,) for
our DE approach, versus QAE(r) = Q(7)/(2A) for AE.
This reveals modulation playing a role analogous to single-
photon detuning A in our scheme.

Our technique exhibits enhanced robustness against var-
iations in the single-photon detuning, A, as its effective Rabi
frequency is independent of A. Numerical analysis confirms
this intuition, showing population transfer fidelities up to
35 times more insensitive to single-photon detuning varia-
tions in comparison to AE. Inspired by recent Ramsey
interferometry experiments employing STIRAP [38], we
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FIG. 1. Pulses and population dynamics: (a) schematics of a
three-level system, the pump and Stokes pulses, the single-photon
detuning A and the two-photon detuning J; (b) a Stokes-pump-
Stokes-pump sequence that can drive population between | £ 1);
(c) Gaussian pump and Stokes pulses modulated with a relative
phase of z/2. The envelope area is 10z and the effective
pulse area is z; (d) the population dynamics that the pulses in
(c) generate.

explore what happens when using DE or AE for similar
purposes. Both prove excellent candidates, surpassing
STIRAP in complementary regimes.

Our approach operates without requiring single-photon
detuning, although it remains effective in its presence,
except when A approaches w,. This positions our technique
as complementary to AE, operating in distinct regimes. It
also offers advantages when small pulse areas are desired,
achieving complete population transfer within this limit.
We anticipate our technique sharing applications with AE
and STIRAP, given their common properties. Furthermore,
it may enable new techniques, such as combining it with
STIRAP to cancel nonadiabatic terms [39] or with rapid
adiabatic passage [40-46] to create an adiabatic population
transfer method leveraging modulation-induced coupling.

Theoretical model—We consider a three-level system
composed by two ground states | £+ 1) and an intermediate
state |0) [see Fig. 1(a)]. In the field-interaction representa-
tion under the rotating wave approximation (RWA) the
Hamiltonian of the system driven by two fields has the form

0 Q@0 0
Q) 28 Q@) |, (1)
0 Q@) -2

H(1) :%

where A is the single-photon detuning, o the two-photon
detuning, and Q,(¢) and Q,(¢) are the Rabi frequencies of
the pump and Stokes fields.

Illustrating our approach, we consider the resonant case
(6 = A = 0) with a sequence of four weak, independent

pulses: Stokes-pump-Stokes-pump, where one of the
pump and one Stokes pulses have a z phase shift added
to its Rabi frequency [see Fig. 1(b)]. All pulses have equal
area £. The time-evolution operator for this sequence
is Ur (I —iH&)(I+ iH,8)(I + iH&)(I —iH &), where
H,=11)(0] +H.c. and H; =] —1)(0| + H.c. are the
pump and Stokes pulse Hamiltonians. Simplifying to first
orderyields U = I — (i/2)H,&*, where H, = 2i[H,,H )] =
(i/2)| = 1)(1| + H.c. This effective target Hamiltonian
(H,) enables direct coupling between the system ground
states | & 1), facilitating complete control within this
subspace. Repeating this sequence (or generating a pulse
train [47-50]) avoids ancillary state population. Moreover,
the net zero pulse area—resulting from balanced positive
and negative pump and Stokes pulses—eliminates inter-
mediate state excitation.

We extend our concept by introducing time-dependent
Rabi frequencies: Q,(t) = Q(¢)sin(w,f) and Q(1) =
Q(1) cos(w,t), where w, is the modulation frequency,
defining the dynamical elimination two-photon control
technique. Utilizing average Hamiltonian theory (AHT)
[51-54], we derive an effective Hamiltonian. For a single
period T = 27 /w,, the dynamic is well approximated by
the Hamiltonian

Q% (1) Q% (1)

Har = 2l = (1] = i1)(-1]) ==

which we derive using the Magnus expansion [55] in
Appendix A. This expression mirrors our previous pulse
sequence results, demonstrating zero-area pulses decouple
the intermediate state while a two-photon coupling between
ground states arises.

The effective Rabi frequency, Q.q(t) = Q*(¢)/(4w,),
exhibits quadratic dependence on pump and Stokes Rabi
frequencies, analogous to the SRT (or AE) scheme but with
w, replacing A. Notably, , is a pulse parameter, facilitating
precise control. Assuming a Gaussian envelope, Q(7) =

Que~"/, yields an effective Rabi frequency leading to a
quadratic effective area rule: Sep = v/252/ (8yv/mw,t,),
where S = [% \/Q}(F) 4+ Qi (¢)dl' = /aQt, is the
envelope area (in the case of AE, Sy = /25%/ (8y/7At,)
and S = \/Z_ﬂ_QOtp, as there is no modulation). Specifying
pulse area and effective pulse area (or modulation frequency
®,) fully characterizes the pulses.

The effective interaction is robust under small variations
in the pulse parameters. For instance, adding a phase ¢ to
one of the modulating functions, e.g., cos(w,? + ¢) induces
a factor cos ¢ to Qe (1), as Qegr (1) = cos(h) Qs (7). While
a /2 phase between the trigonometric functions max-
imizes Q¢ (), phase drifts can be compensated increa-
sing the area S as long as there is any shift between
the modulating functions. Additionally, relative variations
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in the pulse amplitudes parametrized as Q,(f) =
cos(a)Q(1), Q,(t) =sin(a)Q(t), also induce a factor
sin(2a) in the effective coupling, Q. — cos(2a) Qi (1)
(see Appendix A).

Equation (1) also has an analytical solution for resonant
conditions in the adiabatic limit w,|Q(#)|/Q2(f) < Q,(1),
where Q,(1) = \/4w? + Q*(t). If the initial state is
|[¥(0)) = [1), the wave function at time ¢ is given by

20, A1) AQ)

0,1 08 3 Cos, t+s1nTs1na) t
. Qr Al
W(1)) = i ghcos A . 03)
sm#cos w,t — Z“E 5 cos Aé ) sin w,t
with A(r) = [1dPQ,(f'). We include the derivation in

Appendlx B. Notably, Eq. (3) guarantees the population
in the intermediate state is zero at the end of the pulses as
long as the Q() goes to zero at the end and () is smooth
enough to satisfy adiabatic conditions. In that case,

W (1) = <cos (@ - a)et> .0, sin (# - W) ) @

which corresponds to Rabi oscillations between |+ 1).
Besides, Eq. (4) gives an exact expression for the effective

Rabi frequency Q. (t) = v/4w? + Q*(t) — 2w,, which in

the limit w, > Q(¢) becomes the Magnus expansion result
Qe (1) = Q%(1)/ (4w,). Back to Eq. (3), it also demon-
strates that the intermediate population of the state |0) goes
to zero if Q(#) > Q,(t), which occurs in the limit
w, > Q(t), thus exhibiting consistency with the Magnus
expansion result.

Numerical results—Figure 1(c) illustrates an example of
the pump and Stokes pulses we propose. These pulses have
an envelope area of § =10z and an effective area of
Seif = m. Figure 1(d) demonstrates population transfer
between the ground states. To highlight the periodic nature
of the effective Hamiltonian, we intentionally selected a
slow modulation frequency. As a result, some intermediate
state excitation occurs. However, this excitation rapidly
diminishes as the area and modulation frequency increase,
since the intermediate state lacks sufficient time to become
excited.

To provide insight into our technique’s behavior, we
numerically calculated the infidelity of a z pulse, 1 —
|(=1]¥(T))|*> with ¥(T) the wave function at final time, as
() + (1),
and modulation frequency w, [Fig. 2(a)]. The fidelity
exhibits square-root-shaped maxima, confirming the theo-
retical prediction that w, is proportional to S%. The peak
positions align with our theoretical expectations. Moving
from bottom to top, each square-root-shaped region cor-
responds to effective areas of z, 3z, 5z, etc. Notably, the

a function of envelope area, S = f dt
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FIG. 2. Infidelity and intermediate state population: (a) the

infidelity of a 7z pulse using the DE technique as a function of
the envelope area S and the modulation frequency w,; (b) the
infidelity of a 7z pulse using the AE method as a function of the
envelope area S and single-photon detuning A; (c) a comparison
of the average intermediate state population between 7 = —t,
and 7,, and the final intermediate state population for the two
techniques.

technique becomes increasingly robust as S increases,
evident from the broadening peaks. The right panel shows
a similar calculation but using stimulated Raman transitions
and varying A instead of @, (which doesn’t exist in the case
of AE). The plot looks almost identical due to the similarity
of the effective Rabi frequency for this case, Q4F(r) =
Q2(t)/(2A). The bottom panel of Fig. 2 shows a compari-
son between the average intermediate-state population,
f”,/fz dr'|(Olw(7))|*/1,, and final population, for

both techniques. We observe that these techniques follow a
similar overall behavior, (P,) peaks around for low pulse
areas and then decreases. The final intermediate-state
population initially peaks but rapidly drops to values below
1073, These results demonstrate that our scheme performs
optimally with increasing envelope area and modulation
frequency, effectively minimizing intermediate state exci-
tation. Moreover, comparing (P,) for AE and DE provides
insight into how these techniques would perform when
considering spontaneous decay from the excited state. In
this case, we estimate equal degradation, as (Pg) could be
considered the upper bound of the spontaneous decay loss.
Nonresonant scenario—When single-photon (A) and
two-photon detunings are nonzero, AHT predicts devia-
tions from resonant dynamics at first and second order of
the Magnus expansion. Notably, our technique differs from
AE excitation in two key aspects: the effective Rabi
frequency expression replaces A with the modulation
frequency (w,) in DE, and pulse areas for one-photon
transitions are zero. These factors enhance the dynamical
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FIG. 3. Infidelity comparison for z/2 pulses created using DE
and AE pulses. When simulating DE, we set @, to minimize the
infidelity for each pulse area considered here (S = 5z and
S = 10x) using a reference value of single-photon detuning
A = 0. When simulating AE, we set the reference value of A
that minimize the infidelity. Then, we add an additional single-
photon detuning to make the comparison. Thus, the simulations
employ the reference value of A when the relative detuning is
equal to zero. We define the infidelity as 1 — |[(Wy|¥(T))[%,

where T is the final time and [¥,) = (|1) +|—1))/V2.

elimination of intermediate state population, outperforming
adiabatic elimination for similar pulse areas (Fig. 3).
Consequently, DE exhibits increased robustness against
shifts in the single-photon detuning. Figure 3 compares DE
and AE for two different pulse areas. When simulating DE,
we optimized the frequency modulation by setting
(w,/27)t, 2468 and (w,/27)t,~9.934 for S =5z
and S = 10z, respectively, which minimizes the infidelity
for each pulse area considered, using a reference value of
A = 0. For AE simulations, we set the reference detuning
to (A/2x)t, ~2.364 and (A/2x)t, ~ 9.836 for § = 5z and
S = 10z, respectively, which similarly minimizes the
infidelity. To assess the robustness to errors, we introduced
an additional detuning, referred to as the relative detuning,
which is used as the x axis in Fig. 3.

DE calculations demonstrates: slower infidelity decay
with small detuning deviations and similar maximal fidelity
due to depleted |0) state amplitude. To give a quantitative
idea of the robustness to detuning variations, when the
pulse area is Sz, the dynamic elimination technique retains
infidelities below 10~ for 3.9 times larger relative detun-
ings than AE. If the pulse area is 10z, that value increases to
35.5. This leads to improved average fidelity for gates
operating under single-photon detuning distributions (e.g.,
Doppler broadening [12,13]). DE surpasses AE in non-
resonant two-photon absorption for similar pulse areas.
This advantage extends to spectroscopic techniques requir-
ing precise two-level system dynamics isolation, such as
Ramsey spectroscopy.

Applications to three-level Ramsey interferometry—
Ramsey interferometry typically involves preparing a probe
state that maximizes sensitivity to the estimated parameter
while minimizing unwanted sensitivity. This is followed by

free evolution, encoding phases, and decoding with unitary
operations, culminating in measurement. In three-level
systems, the rotating frame’s free evolution operator is

Upee = [1){1] + €[ = 1){=1] + e7'70)(0],  (5)
where 7 is the free evolution time. A relevant scheme is the
double-quantum (DQ) Ramsey scheme [56], employing an
equal superposition of | + 1) as the probe state. This makes
the scheme sensitive to two-photon detuning ¢ and insen-
sitive to single-photon detuning A. However, creating this
superposition without exciting |0) state poses a significant
challenge, and any excitation would introduce detrimental
sensitivity to A. Existing implementations, such as
Ref. [57], utilize standard Rabi flopping pulses for state
manipulation in nuclear-spin transitions of YN within
nitrogen-vacancy (NV) color centers in diamond. These
approaches require canceling the unwanted sensitivities
due to imperfect probe states caused by imperfections in the
control pulses (RF field gradients in [38]). A follow-up
work, Ref. [38], proposes using STIRAP to transfer
population between | £ 1) while avoiding |0) excitation.
However, large pulse areas limit this technique’s effective-
ness in suppressing |0) population, only partially diminish-
ing unwanted sensitivities. Our DE technique offers an
alternative solution, decoupling |0) from the dynamics and
preventing its excitation.

Figure 4 presents numerical simulations of Ramsey
interferometry using DE pulses, employing experimentally
relevant parameters from [38,57]. Figure 4(a) displays
normalized Ramsey fringes for population differences
between | & 1) states. The solid line represents ideal param-
eters creating the desired probe state, while the dashed line
corresponds to nonoptimal pulse areas (half of the optimal
value) and off-resonant conditions ((A/27)t, = 20).
Despite differences, normalization reveals an identical fringe
shape without relative phases, which shows the robustness
that DE brings to the Ramsey fringes. Figure 4(b) plots the
computed Ramsey fringes contrast, highlighting extensive
regions of maximum contrast in the parameter space. This
demonstrates the robustness conferred by DE. Indeed, when
comparing to the AE technique [Fig. 4(c)], we observe a clear
dependence on A; the optimal value changes with A linearly,
while for DE, the correction is quadratic. Figure 4(d)
illustrates phase shifts A¢ in Ramsey fringes as a function
of pulse area and single-photon detuning A. DE in DQ
Ramsey renders fringes insensitive to pulse area and A
variations, provided A is not excessively large. Notably, for
t, =500 ps (Ref. [38]), unwanted phase shifts occur at
A ~ 10 kHz, surpassing STIRAP’s performance. A similar
behavior is shown in Fig. 4(e) for the AE technique but for a
complementary region of parameter space, namely, when A
is large.

The excitation of the intermediate state (nonzero pop-
ulation of the state |0) after the first z/2 pulse) is the
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FIG. 4. Ramsey interferometry using DE and AE pulses:
(a) two Ramsey fringes normalized by the contrast. The solid
line represent ideal conditions for the DE x/2-pulses (S = 10z
and Ar, =0) while the dashed line deviates from the ideal
conditions (S =5z and (A/2x)t, = 20). Nevertheless, both
curves coincide except for the amplitude and there isn’t any
appreciable phase shift. (b) The contrast C, defined as the
amplitude of the fringes, as a function of the same parameters.
(c) Repeats the calculation of panel (b) but using AE pulses.
(d) The phase shift A¢ of the Ramsey fringes as a function of
envelope area S and normalized detuning Az,. (€) Repeats the
calculation of panel (d) but using AE pulses. All DE pulses in the
figure use a modulation frequency (w,/2x)t, = 10.

primary cause of additional phase shifts and, consequently,
the origin of the sensitivity to single-photon detuning [as
indicated by the last term in Eq. (5)] in both DE and AE
schemes. However, both techniques can be optimized to
mitigate these detrimental single-photon phase shifts.
The robustness range of the single-photon detuning for
the DE and AE protocols is presented in Figs. 4(d) and 4(e),
respectively. Notably, the protocols exhibit impressive
complementarity.

Summary—We introduce a novel quantum control tech-
nique in a three-level Lambda system utilizing pulses
modulated by phase-shifted oscillatory functions. The pro-
posed control protocol provides almost ideal two-photon
excitation while suppressing single-photon excitations
during population transfer and Ramsey interferometric
measurements. The obtained analytical solution for single-
photon resonance and an approximate solution for the
nonresonant condition help us extract the mechanism and
prominent features of the control process. The analytical

solution reveals that the intermediate state is always empty
at the final time. Additionally, the approximate solution
shows that oscillatory modulation suppresses single-photon
excitations by making the pump pulse area zero and
exponentially reducing the Stokes pulse area with increasing
modulation rate.

We demonstrate that sufficiently high modulation frequen-
cies enable the dynamical elimination of the intermediate
state. This control process is analogous to adiabatic elimi-
nation in stimulated Raman transition schemes but works
well in single-photon resonance, whereas adiabatic elimi-
nation requires large single-photon detuning and pulse areas.
The complementarity of these strategies is evident in the
population transfer’s dependence on the effective two-photon
Rabi frequency, scaling as the squared single-photon Rabi
frequency over single-photon detuning for adiabatic elimi-
nation and modulation frequency for dynamical elimination.

A key feature of our protocol is the independence of the
effective two-photon Rabi frequency (the primary control
parameter) from single-photon detuning, which is crucial
for DQ Ramsey spectroscopic measurements [38,58]. Our
calculations reveal amplified robustness of Ramsey-fringes
contrast to pulse area and single-photon detuning varia-
tions, with practically suppressed phase shifts. This enhan-
ces sensitivity and robustness in quantum sensors like
clocks, gyroscopes, and magnetometers.

The proposed technique could benefit quantum technol-
ogies that require high-fidelity operations and face chal-
lenges due to large single-photon detunings. Developing
techniques to suppress Doppler effects remains a major
challenge in laboratory implementations of quantum tech-
nologies. Recent studies [12,13] emphasize the limitations
imposed by Doppler broadening in atom interferometry and
the need for numerical control schemes to overcome these
challenges. Our technique has the potential to address this
issue analytically.

The simplicity and universality of the DE scheme make it
an attractive solution for various applications, including atom
interferometry [9-13], creation of high-fidelity quantum
gates [59], Rydberg-states-based technologies [8], quantum
dots, and color centers in solids [38,56,58]. Additionally, it
may benefit the emerging field of nuclear spin clock
development [7]. As quantum devices continue to advance
toward compact and energy-efficient designs [60], the
advantages of the DE scheme over the conventional AE
scheme will become increasingly crucial, particularly in
scenarios where temperature is not extremely low, and Rabi
frequencies and detunings should be minimized.
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End Matter

Appendix A: Computing the Magnus expansion—The
first-order term,

HO —%/H(tl)dtl — AJO)(O] 48] — 1)(=1], (A1)
0

yields phase accumulation governed by detunings, as if
Q(r) were zero. Pulse area cancellation eliminates state
coupling.

The second-order term,

(A2)

reveals nonzero coupling between previously uncoupled
states | & 1).

For the resonant case (single-photon and two-photon
detuning are zero), if we consider pump and Stokes
amplitudes parametrized as Q,(f) = cos(a)Q(?) sin(w,1)
and Q (1) = sin(a)Q(7) cos(w,t), we obtain

/w, 7/,
w .
Heff%—l.—e / H(f])dtl—l—e / dll
2r 4z
—/w, -/ w,

1

“ / dH(1,). H(1y)]

-n/w,

sin(2a) Q2 (1)
= Jo, H, (A3)
when computing the Magnus expansion up to second
order.

In resonance, by calculating the Magnus expansion up to
second order for an arbitrary relative phase ¢ between the
pump and Stokes fields, Q,,(¢) = Q(¢) sin(w,t) and Q,(t) =

Q(t) cos(w,t + ¢), we obtain

”/wﬁ ﬂ/we

N L@
Heffz—lz—; / H(tl)dtl—l4—; / dtl

_”/we _ﬂ/we

3

“ / Ao [H (1), H(1)]

—r/w,
Q3 (¢
— COS(¢) ( )Ht (A4)
4w,
For the resonant scenario, considering Q,(f) =

Q(1) sin(w,t) and Q (1) = Q(¢) cos(w,1), the third-order
term is given by

ﬂ/wc h 153

() = _j e
H 1 127z / dtl / dtz /

—r/w, ~n/w, —n/w,
X df:;{[H(t])’ [H(t2>’ H(t3)]]
Q3 (¢

+ (). [H() H()|l} =25 S H,

~—

(AS)

Note that the Hamiltonian in Eq. (A5) directly couples the
| £ 1) states.

Appendix B: Adiabatic solution in the rotating frame—
For the resonant case, the Hamiltonian in Eq. (1) takes
the form

o 0 sinw, t 0

t

H(t) = ol sin @, t 0 COS @, 1 (B1)
0 COS W, ! 0

Making the transformation

163601-7
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cosw,t 0 sinw,t
R(1) = 0 1 0 , (B2)
—sinw,t 0 cosw,t
we obtain
H(t) = R7'(t)H(t)R(t) — iR™'(t)R(2)
0 0 2w,
o 0 o (B3)
2iw, Q(r) 0
Using the unitary transformation
V2io, (1) V2io,
o0 o0 e
) = \/%?(z) ﬁfii) \/Esg?(z) (B4)
ne 0 e
V2 V2

to diagonalize the Hamiltonian in Eq. (B3), we get

100
H(z):D(:)—iu—l(z)U(t):sz(’) 0 0 0
0 01
o [ O 0
+\f2ia;;g—(g) 10 -1, (B5)
0 1 0

where D(t) = U~ (t)H(t)U(t) is a diagonal matrix, and
Q. (1) = \/4w2 + Q*(t). The second term in Eq. (B5)
represents the nonadiabatic coupling between eigenstates
of the Hamiltonian A, Eq. (B3), with energies +Q,(¢)/2,
and 0.

Neglecting the nonadiabatic coupling, under the con-
dition ,|Q()|/Q2(t) < Q,(t), we obtain the following
time-evolution operator:

Upi(t) = R(1)U(7) exp <—i / ' dt’D(t’)> U1 (0)R71(0)

0

A1)

A1)
COS >

20,
Q. (1)

COS W, t + sin i

Alr)
COST

sinw, t

Q1)
Q. (1)

i

AD)

. 2w, A(r)
Sin ) COS 5

Q. (1)

cosw,t — sinw, t

where A(t) = [1dI'Q,(1).

&((?) cosw,t  Cos % sinw,t — éi(t) sin # Cos w,t
2w, Q1) o A(D)
Q,(1) -l o.(1) SIn— , (B6)
—i gi((’t)) sinw, t —é:‘g;) sin % sinw,t + cos %’) cosw,t

The first column in Eq. (B6) represents the time-evolution of the initial state |1), equivalent to Eq. (3).
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