Lecture 23: Effective interaction Hamiltonians

e Bffective interaction Hamiltonians

e Effective squeezing operator, parametric down-conversion

Effective interaction Hamiltonians: We will go back to the question of effective in-

teraction Hamiltonians and find out more about atom-light interactions beyond the linear
approximation that led us to the optical Bloch equations. We have already seen in connec-
tion with the Jaynes—Cummings model in cavity QED that in certain limits, in this case the
dispersive limit where the detuning is assumed to be large compared to the n-photon Rabi
frequency, the time evolution operator can take rather simple forms. In the dispersive limit,

it reads [Eq. (21.6)]

O(t) = exp <—%ﬁ0t> [exp <_¢9;(ﬁ + 1)t> e (e] + exp <7,9;mf> yg><g\] .

The interaction part is, for small times ¢, given by
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The last term can be included in the free Hamiltonian and amounts to a shift of the excited
state (Stark effect) whereas the second term stems from an effective interaction Hamiltonian

N ha?
Ho = %afaa—z. (23.3)

This Hamiltonian is trilinear in all operators and as such does not appear in the original
Jaynes-Cummings Hamiltonian.
We will now return to the electric-dipole interaction Hamiltonian for multi-level atoms

[Eq. (15.5)]
I?[int = —1 Z Zwij&ijdij . AA(FA)CAD\ + h.c. = hz Zgij,)\&ijd/\ -+ h.c. (234)
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where we defined the coupling strengths g;; » = w;;d;; - Ax(ra)/(ih). Heisenberg’s equations

of motion for the atomic and photonic operators are then

ay = —Z'UJ)\(AZ)\ — iZg}‘i’A&Zj y (235)
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Up until now, we have merely repeated some of the derivations that led to the optical
Bloch equations, only for multilevel atoms. Note that we have not made any rotating-wave
approximation yet.

Suppose now that the incoming light contains waves of only three frequencies that add
up as wy = wy + ws, none of which is resonant with any atomic transition (see Figure 31).

Iterating Eq. (23.7) once more and inserting the result into Eq. (23.5), we obtain, amongst
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FIG. 31: A multilevel atom interacts non-resonantly with light of only three distinct frequencies.

many other, the following terms:
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The dropped terms contain either atomic operators at the initial time or photonic creation
operators which we neglect for the following reason. Suppose we let A = 1 and we perform
the rotating-wave approximation (RWA) in which we keep all terms on the rhs of Eq. (23.8)

that are resonant with the lhs, i.e. that evolve approximately as e=™'*. Since w; = wy + ws,
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the time evolution can only come from the photonic operators a,(t")a,(t") (p,v = 2,3),
and all the time evolutions of the atomic operators have to cancel out. The only atomic
operators that are allowed are the diagonal projectors ;. Hence, the equation of motion

for the photonic operator can be brought into the form
ay(t) = —iwiay (t) — ZZ Gin303i(t)az(t)as(t) (23.9)

where the new effective coupling constants G o3 are rather complicated functions (sums and
products) of the original couplings g;; x.

Effective squeezing operator, parametric down-conversion: The structure of the ef-

fective equation of motion (23.9) is such that it could have been derived from the effective
Hamiltonian

ﬁeg = h(AIJ{(AIQ(AZi; Z Gi723a—ii + h.c.. (2310)

From the same Hamiltonian (23.10) we find that ;i = 0, so that the atomic variables can be
completely eliminated from the equations of motion. If the atom was initially in its ground
state, it will remain there for all times, and the effective Hamiltonian takes the even simpler

form

Heg = hralagas + h.c.|. (23.11)

This Hamiltonian describes the process of sum-frequency generation in which two light modes
of frequencies wy and w3 combine to a light mode at the sum frequency w; = ws + ws. The
atomic degrees of freedom do not appear explicitly in (23.11), only in the effective coupling
constant .

If we furthermore assume that the light mode with frequency w; has been prepared in a
strong coherent state |«) so that its operator character can be neglected, and if we assume
that wy = w3, we arrive at the parametric approximation with an effective Hamiltonian

H.g = hrota® + hee. . (23.12)
The unitary time evolution generated by this Hamiltonian is
* A2

U(t) = e~ #Hent = g(-inata?—in*arat)t (23.13)

which, letting & — ix, is equivalent to the squeezing operator S(£) [Eq. (5.17)] with & =
2rkaqt. We can therefore generate squeezed light by interacting with atomic ensembles in the

strongly dispersive regime in which the atoms remain in their ground states for all times.
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In nonlinear optics, the derivation of effective Hamiltonians is performed in a similar
way. The main difference is that one does not start with individual atoms but usually
with a semi-classical theory in which a nonlinear dielectric material (the atomic ensemble
in our case) is described by phenomenological susceptibilities ¥ which take the place of
the (microscopic) coupling constant k. Typical examples of crystals with a non-vanishing
x® nonlinear coefficient are Barium titanate BaTiOg, Lithium niobate LiNbOs, and KDP
KH,PO,. The process described by the Hamiltonian (23.12) is known as parametric down-
conversion which, in the low-intensity regime, leads to the production of correlated single-

photon pairs with entangled polarizations.

FIG. 32: Parametric down-conversion from a BBO crystal. In the points of intersection of the two
cones the quantum state of the photons is exactly a maximally entangled state in the polarization

basis.
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Lecture 24: Optical harmonic generation (frequency-doubling)

e Hamiltonian description of optical harmonic generation

e Squeezing in optical harmonic generation

Hamiltonian description of optical harmonic generation: We have seen in the pre-

vious lecture that off-resonant atom-light interactions can lead to an effective Hamiltonian
of the form [see Eq. (23.11)]
Heg = likaldgas + h.c. (24.1)

where the coupling constant x depends on the details of the atom-light coupling (dipole

moments, transition frequencies etc.). The process of optical harmonic generation is one of

the best known examples in nonlinear optics. Here a monochromatic light beam of frequency

w; incident on a y® nonlinear medium generates light at twice the frequency, ws, = 2w; (see

Fig. 33). Hence, we can describe the evolution of the electromagnetic field at these two
In>
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FIG. 33: Schematic description of second-harmonic generation. The relevant light frequencies are

far away from any atomic transition so that the effective description as a nonlinear process holds.

frequencies by the Hamiltonian
. 1 1 P
H = hwy |11+ 5 + hwo | 1o + 5 + hr(ay"as + asay) . (24.2)

From the Hamiltonian (24.2) we find immediately that the combination 7, + 275 is a constant
of motion, i.e. [ny + 20y, H ] = 0. This means that for every emitted harmonic photon of
frequency wy two fundamental photons of frequency w; have to be absorbed. Therefore, the
process of harmonic generation conserves energy, but not photon numbers.

We will now try to solve the time evolution of the photonic amplitude operators for short

interaction times. To do so, we split up the fast time evolution and introduce slowly varying
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amplitude operators as usual: a; = e “'q, and ay = e ao. Heisenberg’s equations of

motion for the slowly varying amplitude operators are (we omit the ~sign again)

: 1. » day ot

= — [al,H} + e —2ma§a2, (24.3)
N 1 ~ oS 8&2 PN

i = - [CLQ,H:| + 5 = —irds; . (24.4)

The second time derivatives are computed similarly as

4, = —2ig (&{ag + &162) = 452 (ﬁz - %) iy (24.5)
N . 2oa A A 2 [ A 1\ .
ay = —1g (alal + alal) = —4k ny + 5 as . (246)

The equations of motion are once again coupled differential equations that have no an-
alytic solution. However, we can seek a solution for very short interaction times by Taylor
expanding around the initial time ¢ = 0. The interaction time is more or less the propagation
time through the nonlinear medium, such an approximation can be justified. The Taylor
expansion leads to

a(t) ~ d1(0)+t&1(0)+§é1(0)+...

— (0) — 2i(k)a] (0)ds(0) + 2(s1)? (mm) - ﬁlg”) GO)+...,  (247)
as(t) ~ &2(0)+t&2(0)+§é2(0)+...
= a5(0) — i(kt)a?(0) — 2(xt)? (ﬁl(()) + %) as(0) + ... (24.8)

where we explcitly used the first and second derivatives. The expressions are valid as long
as (n1(0))(kt)* < 1. Since we know the time evolution of the (slowly varying) photonic am-
plitude operators in the Heisenberg picture, we can construct all other composite operators
like photon numbers from them and compute their expectation values.

Let us assume that the pump field at frequency w; is prepared in a coherent state with
amplitude «, and the harmonic mode is initially empty. Hence, the initial state of both
modes at time ¢ = 0 is [¢)(0)) = |y, 02). For the expectation values of the photon number

operators we obtain

a1 (1)|w(0)) = |af* = 2(kt)}al* + ..., (24.9)

t
(n(t)) = ((0)]ab(t)a()]w(0)) = (st)*lal* + ..., (24.10)

—~
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showing that the intensity of the generated second harmonic field grows quadratically in
time ((fo(t)) oc t2) as well as with the square of the pump intensity (fo(t)) o (|a|?)%.
Similarly, one can compute the photon-number variances ((An;)?) and ((Ang)?). Before
we state the results, let us briefly go back to the definition of the coherent states. Recall
that their photon-number statistics is Poissonian, with the variance equal to their mean,
(a|(An)?a) = (a|n?|a) — (a]n|a)? = (a|n|a) = |al?>. Any state with a narrower, sub-
Poissonian, photon-number distribution is nonclassical. Without going into the details of
the calculations (you can check them yourself), the second moments of the photon numbers

are
(A1) ~ (laf*+ [af?) (1 —4(st)’|al?) + ..., (24.11)
(n3(t)) ~ (kt)*al* (14 (kt)*af?) + ..., (24.12)

from which it follows that
(D)) = GEO) — () = (an(®) — 260l +...,  (24.13)
((Ang(1))?) = (R3(1)) — (Ma(t))? = (a(t)) + .. (24.14)
Therefore, the photon-number statistics of the harmonic field is close to Poissonian, and the
quantum state close to a coherent state. On the other hand, the photon-number statistics

of the pump field is narrower than the original Poissonian distribution, i.e. sub-Poissonian.

Squeezing in optical harmonic generation: Generically, most nonclassical features are

equivalent to or caused by other nonclassical features. In the situation considered here, the
pump field becomes also squeezed by the nonlinear interaction. Recall that our criterion for
squeezing that the fluctuations of the electric field has to drop below its vacuum value. This
is equivalent to saying that the quadrature variance has to drop below 1. The quadrature
operator was defined as #(¢) = ae™ + a'e™ (see Lecture 5). Using the solution (24.7), one

finds (again without proof) that

(#1(p)) = (ae™ +a*e™™) (1= (kt)*|al?) + ..., (24.15)
(23(p)) = (04262w + a*ze—zw) (1- 2(/it)2\a]2) + 2|af? (1- 2(/£t)2|a\2) +1
—(kt)* (a®e*? 4+ a™e %) + ... (24.16)

so that the quadrature variance becomes
(A1 (0)?) =1 — 2(kt)*|a|? cos(p + arga) + O(kt)?. (24.17)
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This means that, depending on the phase of the coherent amplitude of the pump, one can
always find a direction ¢ in phase space in which the pump field is squeezed.

Since both sub-Poissonian statistics and squeezing are purely quantum mechanical phe-
nomena, we know that optical harmonic generation cannot be described using purely clas-
sical nonlinear optics. Most of the interesting phenomena would be missed by a classical

description.
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Lecture 25: Parametric down-conversion

e Solution of the equations of motion

e Photon statistics

Hamiltonian and equations of motion: Parametric down-conversion is a nonlinear pro-

cess in which a pump photon of frequency wy converts into two photons with frequencies
wy and wy, commonly called signal and idler photons. Due to energy conservation, the re-
lation wy = w; + wo must hold. Similarly, as the photons carry momentum, the so-called
phase-matching condition kg = k; 4+ ko must be satisfied, i.e. the photon momentum is
conserved.
The Hamiltonian of this process is, using the notation of the effective interaction Hamil-
tonian (23.11),
2
H= Z hw; ( > + hk (aoalag +alala ) . (25.1)
i=0
The combination 27+ nq + 12 is again a constant of the motion, i.e. [27g + 7y + g, H'] =0.
In order to find the time evolution of the photonic amplitude operators, we could make
in principle the same Taylor expansion for short interaction times as we did for optical
harmonic generation. However, if it justified to assume that the pump field is sufficiently
intense such that it can be treated as a classical field with complex amplitude age™ 0!, the

Hamiltonian simplifies to

2
Z < ) + hk (alagaée""“ + didgaoe_wot) . (25.2)

The new constant of the motion is 1; — 1o meaning that signal and idler photons are always
created together.

As before, we introduce slowly-varying amplitude operators as ;(t) = e ™ita,(t) where
we omit the “sign straightaway and write Heisenberg’s equations of motion for the slowly-
varying quantities as

41 = —ikagade!@itwzmwolt (25.3)

Gy = —ikagalel@itwrwolt (25.4)
Using energy conservation, the equations of motion simplify further to
&1 = —Z.Ii()[()&;, éLQ == —iliaodi . (255)
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Differentiating once more leads to the uncoupled equations

él == /{2’060’2&1 s ég = /{2‘040‘2&2, (256)

with the solutions
a1(t) = a1(0) cosh(k|ag|t) — ie' @843 (0) sinh(k|apt) , (25.7)
as(t) = a9(0) cosh(k|ag|t) — ie?Eal (0) sinh(k|aglt) . (25.8)

Photon statistics: Instead of trigonometric function, the solutions contain hyperbolic

functions so that we can expect a strong increase in the production of photons with time. In-
deed, if we assume that both signal and idler modes where initially empty, [¢/(0)) = |01, 02),

the photon-number expectation values are
(1 (1)) = (Ra(t)) = sinh?(k|ag|t) . (25.9)

For short interaction times, x|ag|t < 1, the average number of downconverted photons
grows quadratically in time, because sinh x <! 4. That is, initially the process is driven by
spontaneous emission of signal and idler photons. For longer times, however, the average
number of photons grows exponentially (sinh x =z e /2) and the process is dominated by
stimulated emission of photons. At this point one needs to make sure that the approximation
of constant pump amplitude is still valid. The above solution only holds when the pump
field is not substantially depleted by the down-conversion process.

From the solutions (25.7) and (25.8) it is also easy to find the photon-number variance

with the result that
(AR (1)) = ((Afg(t))?) = sinh?(k|ao|t) + sinh?(k|aglt) . (25.10)

Going back to the Hamiltonian (25.2), we find that it generates a time evolution operator
U = =i/l that looks similar to the squeeze operator S (¢) introduced in Lecture 5, with
¢ = —2iktage™!. We will now verify that the downconverted photons are indeed squeezed.
Note, however, that the resulting quantum state consists of two separate modes of the
electromagnetic field, hence our squeezing criterion has to be generalized. The individual
modes will in general not be squeezed, only the quantum-mechanical correlations between

the modes will cause two-mode squeezing. From the correspondence between quantum states

98



and Wigner functions it is enough to check that the Wigner function shows features in phase
space that are narrower than those of a vacuum state.

In connection with the Mach—Zehnder interferometer we have already used the covariance
matrix V whose entries are the (symmetrically ordered) second-order quadrature moments
((AiAj + A /2) where X = (&1, 1, &2, po)7. In the present situation, after a suitable local

rotation, the covariance matrix can be brought into the canonical form

c 0 s O
0 ¢ 0 —s

V= (25.11)
s 0 ¢ O

0 —-s 0 c

with ¢ = cosh(2k|ap|t) and s = sinh(2k|ag|t). Its (doubly degenerate) eigenvalues are
e*2rleolt meaning that there are two directions in the four-dimensional phase space of our
two light modes in which the Wigner function is exponentially narrower than its vacuum
counterpart. Hence, the down-converted photons are indeed squeezed.

Generation of entangled photon pairs: For very short interaction times, x|ag|t < 1,

we can a simple expression for the quantum state of the down-converted photons. Taylor
expanding the unitary evolution operator to first order in the interaction time leaves us with

- it
Ut) = et/ x 1 — %H +O(2) (25.12)

which, acting on the initial vacuum state in the interaction picture (i.e. neglecting the free

time evolution and concentrating on the interaction) gives
U()|01,02) & |01, 05) — ikagt|11, 15) + O(12) . (25.13)

That is, apart from a very high probability of doing nothing at all, parametric down-
conversion generates perfectly correlated (entangled) photon pairs that can be used for
quantum information processing or metrology.

Generation of heralded single photons: The output of the parametric down-conversion

consists mostly of vacuum and the probability of generating an entangled photon pair is
small, p = |kapt|*> < 1. The probability of producing two photons in each mode is almost
completely negligible. Moreover, signal and idler photons are completely correlated in fre-

quency, wavevector, polarization and are produced in the same spatiotemporal mode. This
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high degree of correlation makes them suitable for generating single photons in well-defined
quantum states. We have previously seen that producing a photon via atomic decay is a
probabilistic process with no success guarantee. In particular, spontaneous decay does not
provide a trigger signal indicating that the photon has been released.

In parametric down-conversion such a trigger signal exists: the idler photon. The idea
behind a ‘heralded’ single photon source is to make use of the quantum correlations in the
output of parametric down-conversion. One places a photon detector in the path of the idler
photon and waits until it has registered a photon. At the same moment one can be sure
that the signal mode contains exactly one photon in the spatiotemporal mode selected by

the detector. Such heralding schemes are widely used in quantum information processing
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FIG. 34: Experimental scheme for the generation of six-photon entangled states for quantum
information processing. After C.-Y. Lu, X.-Q. Zhou, O. Giihne, W.-B. Gao, J. Zhang, Z.-S. Yuan,
A. Goebel, T. Yang, and J.-W. Pan, Nature Physics 3, 91 (2007).

with photons (see Fig. 34).
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