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Chapter 9

Two-Photon Excitation

9.1 Introduction

Every radiative process described so far has involved a single photon, whether it be a hy-
perfine transition in magnetic resonance, optical excitation, or spontaneous emission. How-
ever, processes can occur in which an atom simultaneously absorbs two or more photons.
Such multi-photon processes can lead to ionization of atoms or dissociation of molecules
in intense laser fields, and phenomena such as free-to-free transitions in which an electron
absorbs successive quanta as it flies out from the field of an atom. The most frequently
encountered multi-photon process is two-photon absorption or emission. Two-photon pro-
cesses have become one of the standard tools in atomic physics for exciting atoms to states
whose energies are too high to achieve with a single photon, and also to states of the same
parity that would normally be inaccessible. In addition, a number of ultra- high resolu-
tion spectroscopic techniques are based on two-photon processes. Our approach will be to
use second-order perturbation theory, extending the first order development used in ear-
lier chapters in a straightforward fashion. An alternative approach involves solving the
dynamical equations in the same manner as we analyzed the two-level system. However,
the perturbation approach is appropriate in many cases, and is simpler than the dynamical
approach.
The aim is to cause a transition a — b by applying two fields:

5(t) = £181 coswit + E9€5 cos wot (9.1)

where

h(wr +w2) = (Ep — Ey) (9.2)

States |a) and |b) have the same parity, so a single photon transition is forbidden. The
process is shown in Fig. 9.1, left. A more realistic view is shown in Fig. 9.1 right, where
| f) represents some intermediate state of opposite parity. One way to describe the process
is that photon w; causes a transition from |a) to a “virtual” state near |f) and the second
photon at wy carries the system from the virtual state to the final state |b). As will be seen,
however, the “virtual” state does not need to be interpreted literally, since the system will
never be found in it. Alternatively, the virtual state can be thought of as a real state whose
energy, for a sufficiently short interval, is broadened to the point that it can be excited by
wi. In reality, | f) represents one of a complete set of eigenstates which have non- vanishing
dipole matrix elements with |a).
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a

Figure 9.1. Two-photon absorption

9.2 Calculation of the Two-Photon Rate

The Hamiltonian is of the form H = —€ - d, where d = —er. With the field described by
Eqg. 9.1, we have

1, . . 1, . .
H = 7§(€zw1t + e_zwlt)glél -d— 5 (61w2t + e_zwﬁ)ggég -d. (93)
Defining
Hpyy = —Ei(f|é1-d|a), Hyp.2 = —Es(flé2-dla), (9.4)
The matrix element (f|H|a) is
Hya = —HJ; Gl et 4 —HJ;“%*W. (9.5)

We have neglected the counter-rotating terms because their effect is usually negligible and
we have dropped them for simplicity. Following the procedure used earlier, the first order
solution for the amplitude ay of |f) is

I (1w ) i
a?] = %/0 [Hfa,le wr—wyra)t + Hya2€ wr—wsa)t dt/}

1 | H “ efi(wlfwfa)t 1 H u e*i(w27wfa)t -1

_ f ,1( ) + f ,2( ) ) (96)
2h w1 — Wfq W2 — Wfa

The second order solution for the b state amplitude, al[)z}, is found from

inay) = Hyallelnt (9.7)
k
The contribution to the sum due to state f is
[2} _ i ! iwat, [1} / /
ay’ = - (b|H|f)e a, (t')dt (9.8)
ih 0

Introducing

Hyp1 = —EE1(blé1 - d|f), Hyro = —E(blé2-d|f). (9.9)
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and defining wg = wp,, we have,

H ' H ,
(blH]|f) = =Lttt ¢ 2 emient, (9.10)
Eq. 9.8 yields
2] 1 Hyp1Hpgq @0 200t 1 HypoHypap e!Womw2)t
= D — — 9.11)
ap 3 — — + — — (
4h 7 W1 — Wfq wo — 2w Wo —Wfq  wo — 2we

H H ei(LUO*LUl*UJQ)t -1 H H 61(0.)07Ld17(.d2)t -1
+ bf,241 fa,l + bf, 141 fa,2
wl—wfa Wy — W1 — w2 CUQ_(.Ufa Wy — W1 — w2

Note that the first two terms involve absorbing two photons from the same beam, while
the last two involve absorbing one photon from each of the two beams. When tow different
frequencies are used, the first terms are invariably far from resonance and can be neglected.
In the case of absorbing two photons at the same frequency, discussed below, all four terms
contribute.

9.3 Cases of Two-Photon Absorption

Two cases are of particular interest: when one intermediate state makes the dominant
contribution to the two-photon excitation rate, and when both photons come from a single
radiation source.

9.3.1 Two-photon rate with a single intermediate state

Suppose that wq is close to wy, where k is a particular intermediate state. In this case Eq.

9.11 becomes '
o 1 HypoHpey e'omeime2l —

a;” N —s 9.12
b 4% w1 —Wre W1 — Wi —wo ( )
We then obtain for the transition probability
2 _ 1 |Hpal* [ Hyan|* sin®(wo — w1 — wa)t/2 (9.13)
T (R?)? (W1 —wka)? [(wo —wi —w2)/2)?
Integrating over the appropriate spectral distribution gives
2 7 |Hyp 2| ?|Hyan |
p? = I 10kl PPkall o) (9.14)

ab T gpt (W1 — Wha)?

We can cast this into a more familiar form by introducing the usual Rabi frequencies

1y |Hial 9 |Hga2

Denoting the detuning of the intermediate state by
A =w) — Wi (9.16)

then we can define the two-photon Rabi frequency by
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wp'w
WR2 = RQAR (9.17)
and we have
T
Loy = 5“}1%22f(w0)7 (918)

in analogy with the expression for one-photon transitions.
A more useful expression for the two-photon transition rate is in terms of the radiation
intensity, I. Noting that £2 = 87I/c (cgs units), we have from Eq. 9.4

|Hya |2 = E2|(k[&1 - d|a)]? = 8x|d\V) 2T, /e,

| Hogeol? = E3|(bl&y - d|k)[* = 8x|d ) 212 /c, (9.19)

Eq. 9.14 becomes
2 2
@) _ 87 |DE)P|DG) 2

Fab - h462 A2

fwo) 1 15. (9.20)

9.3.2 Two-photon absorption from a single radiation source

In many cases, a two-photon transition is driven by a single radiation source—invariably a
laser. However, the absorption can occur with two laser beams having different directions
and polarizations. Denoting the polarizations by é; and &2, Eq. 9.11 becomes

(9.21)

G2t 3 Hyg Han + HopoHypap + HypoHypan + Hypi Hpap] €070 — 1
b 4h2
7

W — Weq w0—2w

Following the procedure of Sect. 9.3.1, we obtain the following expression for the two-
photon absorption rate: (assuming that the process where two photons are absorbed from
the same laser beam does not contribute.)

Ty = —C|Aba\2f(wo)l2, (9.22)

where the two-photon excitation operator is

& - (bld dla) - & &, - dla) - &
poo = 3 1 WU Il &+ & (L)1) - (0.23)
Wfq — W
f
If the laser is monochromatic, and the decay rate of state b is -y, then
2 2
f(ow) = 2__ a2 (9.24)

7 4(dw)? + 72 /4

where dw = (wp/2) — w is the detuning of the laser from its resonance value, wp/2.
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9.4 Two-Photon Doppler-Free Spectroscopy

The Doppler effect is the most common source of inhomogeneous line broadening. (Inhomo-
geneous broadening occurs because the resonance frequencies of different atoms are shifted
by different amounts, giving a width to the ensemble. This is in contrast to homogeneous
broadening, when the response of each atom is the same, as in the case of spontaneous
decay.) If two-photon excitation involves absorption from two light beams with frequencies
and wave vectors (w1,ws) and (ki,ks), respectively, where k = w/c, then the frequencies
“seen” by an atom moving with velocity v are, to first order in v/c,

Wi=w —ki v, Wwh=ws—ky-v (9.25)

The line shape function for an atom moving with velocity v is

_ 2 (v/2)
flwr,w) = T2 (w0 — o — L2 (9.26)
2 (v/2)

T (7/2)2 + (wo — w1 —wa + (ki + k) - v)2
The Doppler effect is minimized by taking ky = —12:2, in which case the shift is
Awp = (w1 —wa)v/e. (9.27)

The ensemble line shape function is obtained by averaging over the distribution of ve-
locities. Clearly, it is desirable to use frequencies as similar as possible. The ideal case is
when k; = —ko, which would occur in two photon-absorption from counter-propagating
beams from the same laser. The simplest way to assure counter-propagating beams is to
use a standing wave. Consequently, two-photon absorption in a standing wave displays
no first-order Doppler broadening. Nevertheless, there is a residual second-order Doppler
broadening. The second-order Doppler shift is given by

dwpa 102 B Mv?/2

w 23 M
Taking %MU_Q ~ kT, we have

(9.28)

(SCUDQ -~ —k}BT
w M

At room temperature, kgT = (1/40) eV. For hydrogen, Mc? ~ 1GeV . Consequently,
the fractional second order Doppler shift is about 2 x 10711

If one considers spectroscopy at a resolution of 1 part in 10! or better, the second order
Doppler shift can be a major source of systematic error. Fortunately, methods have been
developed for cooling below a millikelvin, where the effect is unimportant, at least for the
next few years. Also, in heavier atoms, the second order Doppler effect is correspondingly
diminished.

A particularly important case is two-photon absorption on the 15 — 25 transition in
hydrogen. The 2S state is metastable and has a lifetime of 1/7 sec, yielding an extremely
high Q for the transition and the possibility of ultra-high spectral resolution. The excitation
operator has been calculated for hydrogen by [1]. The result yields

(9.29)

_[2
rm%:m7§1 (9.30)
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Stokes Anti-Stokes

Figure 9.2. Raman emission. Photon ws can be emitted spontaneously, or by stimulated emission.

where the intensity I is now expressed in W-cm~2. A transition becomes saturated when
the transition rate equals the line width, or I'1s2, = 7. The required power is only 0.6
W /cm?.

By using two-photon Doppler free excitation in hydrogen, Hansch and his group have
been able to achieve an experimental line width of about 30 kHz. The line width is domi-
nated by the time of flight of the atoms across the laser beam. Although 30 kHz may seem
large compared to the natural line width of 1 Hz, it is impressively narrow considering that
the spectral line width was many MHz not many years ago. For developments, see Ref. [2].

9.5 Raman Processes
9.5.1 Stimulated Raman scattering

We have considered two-photon absorption processes, but stimulated emission can also
occur as can be seen from Fig. 9.1.

In this case, the transition a — b occurs by absorbing a photon at frequency wi, and
emitting a photon at frequency ws. If the transition is stimulated by two applied radiation
fields, then the process is known as stimulated Raman scattering. If ws < w1, the emission
is called Stokes radiation. If wy > w1y, the emission is called anti-Stokes radiation. In either
case, the frequencies are related by

w1 = Wy + Wpg- (931)

Our treatment of the two-photon transition applies, except that one interaction step cor-
responds to emission, rather than absorption. The change is trivial: the counter-rotating
term at frequency —ws in Eq. 9.3, which was dropped, is retained and the rotating term,
at frequency ws, is dropped in its place. This merely changes the sign of wo in the ensuing
steps, and Eq. 9.13 becomes

@ _ 1 |ku72 2|H1m71|2 sinQ(wba — w1 + w2)t/2 (9 32>
T (h?2)? (w1 —wka)? [(@ha — w1+ w2) /2]
and Eq. 9.14 becomes
1“(2) _ T ’ku72’2‘Hka71 Qf(wl) (9 33)

@ 8ht (w1 — wka)?
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where, for a Lorentzian line with width -, we have

2 v/2

=— . 9.34
flwr) T2 /4 4 (Wpe — w1 + w2)? (9-34)
In terms of the intensity of the two beams, we have, from Eq. 9.20,
873 | Dya|?| Dyi|?
@ _ 87 [Dral 1Dl ¢ vy g (9.35)

ab T 7,—L462 AQ
9.5.2 Spontaneous Raman scattering

An important aspect of Raman scattering that differentiates it from two-photon absorption
is that the emission of the photon at frequency ws can be spontaneous. Spontaneous emission
is generally too slow to be useful at low frequencies but in the optical regime the spontaneous
rate can be large enough to cause a sizeable scattering signal. Initially, spontaneous Raman
scattering was the only important process: not until the advent of the laser did stimulated
Raman scattering became useful.

We can estimate the rate of spontaneous Raman scattering by considering absorption
at wi and emission at wy as separate processes, though strictly speaking only one process
is involved. We start by evaluating the spontaneous emission at wo. This takes place from
a virtual intermediate state, which we shall denote as f. The spontaneous emission rate is
given by the familiar expression

4
Apy = 0% (flr o) (9.30)
Next, we consider the problem of “populating” the virtual state. The rate of exciting
the state can be expressed in terms of the Rabi frequency

wr = &if(f|é1 - dla)|/h (9-37)

The detuning from state f is A = w; — wy,. The transition rate to the intermediate
state is approximately
2
w
Do~ -2 9.38
af A ( )

The time 7 the atom can occupy the state, however, is limited by the uncertainty principle

to 7 ~ 1/A. Hence the probability that state f is occupied is essentially I'yr 7 = wh/A.

Putting these together, we obtain the rate for spontaneous Raman scattering from a to b:
2

w
S A—f; - Agp. (9.39)

Since w% ~ E? ~ I, the spontaneous Raman rate depends linearly on the power. The
absorption process can be continued, allowing multi-photon Raman transitions to a final
state.
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