3 Coherence Properties of the Electromagnetic Field

3.1 Correlation Functions

The single mode electric field can be written as
E(r,t) = Equ(r)ae™™" + Equ*(r)a™e™" (92)
=EM + O (93)

where u(r) is the mode function (including polarization), @ and a* are annihilation
and creation operators (or c-numbers in a classical field), and Ej is the electric field
per photon.

The probability to detect a photon with a photon detector is proportional to
NE
Pri = |[(fI E*(r,t)]0)] (94)

where (i| and (f| are initial and final field states. Only the part of the electric field
which has annihilation operators is ”sandwiched” between the states (the reason for
this will be discussed in a later chapter).

A summation over all possible final states yields:

I(rt) = Pr=) (lE(rnt)|f) (fIE*(r,0) i) = G| E~(r,)E*(r,t) |i) (95)
!

f

If the field is initially not in a pure but in a mixed state this expression can be
generalized to:

I(r,t) = Z pi (i| E=(r, ) E* (r,t) |d) (96)

=Tr{pE~ (r,t)E*(r,t)} (97)
with the density operator

p=> pisli) (il (98)
2
Obviously

(0| E=(r,t)ET(r,t)|0) =0 (99)

The expression above is an example for a correlation function. It is the first order
correlation or first order coherence function:

GY(z,2') =Tr {pE~(z)E*(2)} (100)
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where z = (r,t), 2/ = (', t').

It can be generalized to the n-th order correlation or n-th order coherence func-
tion:

G (1, @2, oy Ty, @Y, Ty, o)) = Tr {pE~ (21)... B () ET(2})..ET ()} (101)

In the quantum case the order of the operators (annihilation and creation operators)
is important.

The correlation function is a normally ordered function, i.e., all annihilation opera-
tors are on the right and all creation operators are on the left.

A few properties of the correlation function:

GY(z,2) =Tr {pE~ (z)E*(2)} > 0 (102)

G (21, 21)GW (29, 25) > ‘G(l)(%,@)
(Cauchy-Schwartz-inequality)

k (103)

3.2 Optical Coherence

The first order correlation function (sometimes also amplitude correlation function)
determines the degree of possible interference between two fields.

An interference can be measured, e.g., in a Young-type interference experiment
(double slit experiment):
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Figure 11: Principle of Young’s double slit experiment [from Walls ” Quantum Optics”]

At the point 7 the field arises from a superposition of two (Huygens) elementary

waves:
ED ¢y = EPrt) + BV (r, 1)
with
EZ-(H (r,t) = Ei(Jr) (rit — si/c)slei(k_“/c)si

(2
where s; = |r; — r|.

Since k — w/c = 0 for a spherical wave it follows:

EYF)(Tht —s1/c) n E§+)(T2,t — 89/¢)
S1 S9

ES(rt) =

~ = (B @) + BV(wy)]

where R ~ sy ~ sy and x; = (r;,t — $;/c).
Then
I(r) o Tr {pE ) (r,t) (1, t)
= GO (@1, 21) + GV (22, 35) + 2Re {GV (1, 25) }
= G (xy,21) + GV (g, 19) + 2 |G(1)(5517 132)| cos U(z1, x2)
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where
G(l)(%,i@) = |G(1)($1;3€2)} exp(iV(z1,22))

Interferenz fringes arise only if GV (21, 25) # 0!

One can define the normalized correlation function:
G(l) (xh x?)
[GO(21, 21) GO (29, 1))

gV (@1, 25) =
The best fringe contrast in an interference experiment is obtained when

‘G(l)(th)‘ — [G(l)(xl,xl)G(l)(fE%%)}l/z
or
9" (21, 22)| = 1

=

9(1)(%7 Ta) = e r2)

The visibility v of fringes in an interference experiment is defined as:

-[max - -[min

v Imax + ]min
_ G(l)(l'l,l'g) ) 2([112)1/2
[G(l)(xhl’l)G(l)(@,l’z)]l/z Li+ 1y
2(I1,1,)/?
— W gy )| 2221220
‘9 (21, 2)| I + I

In the special case when [} = Is:

v =[gW (a1, 25)]

(111)

(112)

(113)

(114)
(115)
(116)

(117)

(118)

(119)

(120)

Obviously ‘g(l)(x1,$2)| = 1if GW(zy, zy) factorizes, i.e., if G (21, 25) can be writ-

ten as
G (zy, x5) = e (x1)e™) ()

with some complex numbers ¢.

(121)

Thus, a field is said to be fully coherent to n-th order if G™ (21, s, ..., z,,) factorizes.
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This is the case if the state of the field is an eigenstate of the annihilation operator a.
Coherent states |a) are coherent to all orders n.

What happens if the field is attenuated so much that only a single photon at a
time passes through the double slit? Does the quantum nature of light effect the

interference?

Such an experiment was performed by G.I. Taylor in 1909 (Interference fringes with
feeble light, Proceedings of the Cambridge Philosophical Society 15 114-115).

In the quantum case the electric field at point 7 is:

o . )
B — [ (Ul (7,7 t>a1€zkr1 + Uy (7’, t)CLQe“WQ) (122)
€0
with =
€ 1 —iwt

The state of the single photon field after the Young slit is then:

1 +
[¥) = E(al +a3)[0) (124)

It is then straightforward to show that
I(r,t) = n(1+ cos D) (125)

with some amplitude 1 and phase ®.

Thus, the result is the same as in the classical case. The probability amplitudes
or the two paths of the single photon interfere like classical waves.

3.3 Photon Bunching and Antibunching

Whereas the first order coherence fucntion G describes amplitude correlations, the
second order coherence function G describes intensity correlations.
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G (21, 14) = (E~(21)E~ (22) ET (22) ET (1)) (126)
=Tr (pE~ (21)E~ (22) ET (22) E* (21)) (127)
= (: I(x1)I(x9) :) (128)
x (: n(xy)n(xg) :) (129)

The symbol : denots normal ordering.

A first application of the measurement of the first order coherence function was
suggested by Michelson, the so-called Michelson stellar interferometer.
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Figure 12: Principle of a Michelson stellar interferometer [from Scully ”Quantum Optics”]

The interferometer can be used to determine the angular separation ¢ between
two distant stars.

It is not too difficult to derive the Intensity I(r; — ra):
I(ry — 1) = 4kl {1 + cos [(k + k') (r1 — rqa)/2] cos <m;(\)('0)} (130)
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where x is some constant and \ is the wavelength of the radiation.

One difficulty, however, is that instrumental and atmospheric fluctuations very easily
wash out the rapidly oscillating term cos [(k + k") (r; — r2)/2].

A solution was suggested by Hanbury-Brown and Twiss, the Hanbury-Brown and
Twiss (HBT-) interferometer.
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Figure 13: Principle of a HBT interferometer [from Scully ”Quantum Optics”|

In this interferometer the intensities at two different positions (r; and ry) are corre-
lated:

I(ri;t) =r {|Ek|2 + |Ek’|2 + [EkEk/ei(k_k/)” + C.C] } (1=1,2)
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and
2
(I O1(r2,8)) = 2 ( (1Bl + 1B ) (131)
+ 12| B | B ?) [ei(k_k/)(rl_”) +c.c

The oscillating term is now much less sensitive to fluctuations (only the difference
k — k" enters!).

The normalized second order correlation function is given by:

G(Q) (%1, 1'2)

2) - 132
g (93'17$2) G(l)($1,$1)G(l) ($2,$2) ( )
In the special case of temporal correlations at times ¢ and ¢ + 7 one finds:
@) _ (E-()E-(t+T)ET(t+71)ET(1)) 133
970 02) = T G B ) (B (e + DB+ 1) (133)
(It T)I(R) )
CIt):)CI(t+T):)
For a second order coherent field:
G (1) =) eIt +7)eP(t + 1)eD (1) = (G(l)(T))2 (134)
thus
g®(0) =1 (135)

3.3.1 Some properties of g(® :

For classical fields the following properties follow from the Schwartz-inequality:

[(ab)|? < <|a]2> <|b|2> for a,b=c-numbers (136)
Hence:
[ I (rt 1) < (L0 t7) ([ (it + 7)) (137)
or:
g () < ¢2(0) for classical fields (138)

The normalized second order coherence function for classical fields is constant or
monotonously decreasing!

27



At times 7 > 0 :

[ P@E) (|el* = (le|?)? de

gP0) =1+ EBE for classical fields (139)
€
Since P(e) is a positive definite probability distribution is follows:
g?(0) >1 for classical fields (140)

The normalized second order coherence function for classical fields is larger than or
equal to 1 at 7 =0/

A classical fluctuating field may be regarded, e.g., as the sum of the fields from
many atoms or molecules in a gas:

E(t) = i Ei(t) with (Ei(t) = 0) (141)
Then: l
GP(t) = (B () B*(t + T)E(t + 1) E(t)) (142)
= i (EX(OE!(t+71)E;(t+71)Ei(t)) (143)
+ i:{(E;‘(t)Ej(t +7)E;(t+7)Ei(t)) + (144)
<E;;)E;(t +7)Ei(t + 7)E;(t)} (145)

Now only terms are retained where the field of each atom is multiplied by its complex
conjugate. If all atoms are identical it follows:

GO(t) = v (B (t)E; (t + 7)Ei(t + 7)Ei(t)) (146)
= v(v — 1) {(Ef () B;(1))* + {E; (D Eit + )"} (147)
For very large v the second term is much larger than the first. Thus:
G (t) ~ v* {{Ef (O E(1))” + (Ef () Ei(t + 7))} (148)
and
g =1+ |gW@)>  for classical fields (149)
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Hence, the spectrum S(w) of a field is proportional to the Fourier transform of
GW(¢) it follows:

S(w) = / dr e “7GW (1) (150)
Therefore, it holds:
g () =14e7 for a field with a Lorentzian spectrum (151)
¢ =1+ for a field with a Gaussian spectrum (152)
g¥(r) =1 for a coherent field (153)
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Figure 14: Normalized second order coherence functions for different fields
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3.3.2 g® for quantum fields

For a single mode quantum field:

9?(0) =

where

(atataa)

(a*a)®

V(n) = <(a+a)2> — <a+a>2

is the variance of the field.

Thus for a coherent (single mode) field |¢) it is:

and for a Fock state |n):

g?(0) =1

1
d?P0)=1-=-<1
n

(154)

(155)

(156)

(157)

The measurement of the intensity fluctuations shows directly if a field is a quantum

field or a classical field!
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Figure 15: Photon count distribution (intensity fluctuation) for a thermal (top) coherent (middle)
or quantum (bottom) field [from Scully ”Quantum Optics”]
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The three cases in the figure show bunched light (¢(®(0) > 1) coherent light
(¢¥(7) = 1) and anti-bunched light (¢¥(7) < 1).

In the limit t — oo it is g®(00) = 1.

3.4 Quantum Light

The question arises: How can one make quantum light?

Obviously, it is expected that light from a quantum source reveals its non-classical
behaviour. Quantum light sources are, e.g.,

1. single atoms, molecules or ions,
2. single color defect centers,
3. single artificial atom,

4. or any source where light is coming from a transition between two distinct
states.

First experiments with single atoms where realized in atomic beam experiments.
Here, an atomic beam is attenuated so much, that only one or less than one atom
on the average is measured.

The first experiment by Kimble et al., Phys. Rev. 39, 691 (1977) used a beam
of sodium atoms and phototubes in single photon counting mode. The following
pictures show the experimental setup (Fig 1 of the paper) and the experimental
results (Fig 2 of the paper).
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FIG. 2, The number of recorded pulse pairs »(7) as
a function of the time delay 7 in nanoseconds. The
growth of »(1) from r= 0 shows antibunching. The bars
on one point indicate statistical uncertainties corre-
sponding to one standard deviation. The broken line
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FIG. 1. Radio-frequency trap. The fluorescence light of the
stored ion is observed through a bore in the upper pole cap.

Following experiments used single trapped ions or atoms. In an experiment by
Dietrich and Walther, Phys. Rev. Lett. 58, 203 (1987) a single Mg-ion was trapped
in a Paul-trap and its fluorescence light was detected.

The picture above shows the experimental setup (Fig 1 of the paper) and the picture
below shows the experimental results (Fig 3 of the paper).
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FIG. 3. Antibunching signal of a single ion for different
laser intensities. The data have been corrected for the micro-
motion of the ion; in addition, the background due to acciden-
tal coincidences was subtracted.

Anti-bunched light can be used to realize single photon sources, which will be needed
in novel technologies such as quantum cryptography and all-optical quantum com-
puting.

3.5 Single Photon Sources

The most fundamental light source is an emitter of single photons. In the last decade
several realizations of such sources have been demonstrated.

One possibility to make is single photon source is to excite a single quantum system.
If the main path of relaxation from the excited state is radiative decay, then only
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a single photon is emitted at a time. A possible system is a single atom or ion as
demonstrated in the previous section. However, any system with a discrete energy
level structure can be utilized. Examples are:

e atoms/ions
e molecules
e color centers (e.g. defect centers in diamond)

e zero-dimensional semiconductor nanostructures (quantum dots)

In quantum dots electrons and holes are confined within a potential formed by a
semiconductor heterostructure. If the localization is tight enough (typically within
a few nanometers) then the charge carriers show a pronounced discretization of
allowed energy states. Recombination of single electrons and single holes produces
discrete spectral lines, similar as in atoms.

a) exciton biexciton b)
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Figure 16: a): Schematics of bandgap structure of a quantum dot (GalnP/InP heterostructure).
Configurations with a single electron-hole pair (exciton state) and with two electron-hole pairs
(biexciton state) are shown. b): AFM image of several quantum dots.

Figure 16 shows a schematics of the energy bands in a quantum dot heterostructure
together with an AFM-image of a single InP quantum dot.

Quantum dots can be fabricated with semiconductor growth technology. They fur-
ther offer the advantages of stability and the possibility of both optical and electrical
excitation. Presently, single photon sources based on quantum dots are developed
as quantum optical devices for non-classical light.
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Figure 17 shows the measured g®-function of fluorescence light from a single opti-
cally excited quantum dot under continuous (cw) and pulsed excitation.

The experimental results agree very well with the theoretically expected curves
shown in Fig. 18.
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Figure 17: Measured g(?)-function of fluorescence light from a single optically excited quantum dot
under continuous (left) and pulsed (right) excitation.
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Figure 18: Theoretical ¢(®-function of light from a single quantum emitter under continuous (left)
and pulsed (right) excitation.
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