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A beam of light, reflected at a planar interface, does not follow perfectly the ray optics prediction.

Diffractive corrections lead to beam shifts; the reflected beam is displaced (spatial Goos-Hänchen type

shifts) and/or travels in a different direction (angular Imbert-Fedorov type shifts), as compared to

geometric optics. How does the degree of spatial coherence of light influence these shifts? We investigate

this issue first experimentally and find that the degree of spatial coherence influences the angular beam

shifts, while the spatial beam shifts are unaffected.
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A collimated optical beam is the best experimental
approximation of a ray in geometrical optics. However,
due to the wave nature of light, beams do not behave
exactly as rays, and already in the case of refraction and
reflection at planar interfaces, deviations from geometric
optics occur. Goos and Hänchen [1] found the first experi-
mental proof of this—an optical beam undergoes a small
parallel in-plane (longitudinal) displacement upon total
reflection. Since then, multiple variants have been found:
out-of-plane shifts such as the Imbert-Fedorov shift [2,3]
and the spin Hall effect of light [4,5], angular shifts [6],
shifts for higher-order modes [7], shifts for photonic crys-
tals [8], shifts for waveguides [9,10], shifts for resonators
[11], connection between beam shifts and weak values
[12,13], and shifts for matter waves [14–16].

Surprisingly, in spite of this large body of work, the role
of the (transverse) spatial coherence of the beam has hardly
been addressed. In the original experiment by Goos and
Hänchen [1] a Hg lamp was used and some degree of
coherence was created in a two-aperture setup, but this
was not analyzed [17]. So, it was not clear whether this
coherence was essential or not. Almost all modern beam
shift experiments have been performed with a single-mode
laser source that has near-perfect spatial coherence, or with
an extended source filtered by a single mode fiber, which
also has very good spatial coherence [6]. An exception is a
recent experiment [18], which used a light-emitting diode
(without spatial filter); the authors speculate that some
nonunderstood aspects of their results could be due to the
lack of spatial coherence of their source. The only theo-
retical papers, as far as we know, that address these issues
are Refs. [19–23], where Refs. [19,21,23] lead to diamet-
rically opposed results as compared to Refs. [20,22]. We
aim in this Letter to experimentally clarify the role of
spatial coherence in beam shift experiments. In short,
we find that the theoretical analysis in Ref. [19] and, in
more general form, that in Refs. [21,23] does correctly
describe our results.

We start by briefly reviewing the theory. We consider a
monochromatic partially coherent beam with a Gaussian
envelope [24–26], a so-called Gaussian Schell-model
beam, where both the intensity distribution Ið�Þ and the
spatial degree of coherence gð��Þ are Gaussian [27]
(� and �� ¼ �2 � �1 are the transverse position, and
the relative transverse position, respectively). We obtain
for the Gaussian Schell-model beam

Ið�Þ / exp

�
� �2

2�2
S

�
; gð��Þ ¼ exp

�
���2

2�2
g

�
: (1)

In the source plane, �S is the coherent (Gaussian)
mode waist, and �g determines the correlation length.

The latter approaches infinity for a fully coherent mode,
and is a measure of the speckle size in case of partial spatial
coherence. After propagating over a distance z, these
quantities evolve into �gðzÞ and �SðzÞ; however, it turns
out that their ratio �g=�S is independent of propagation

[29]: �gðzÞ=�SðzÞ ¼ �g=�S; therefore, we use this ratio to

quantify transverse coherence. Figure 1(a) shows three
examples of such beams, from fully coherent (i) to the
case where the coherence length is below one tenth of
the beam size (iii). By calculating the intensity autocor-
relation, the two length scales which are involved
become visible: The Gaussian envelope leads to a wide
background, while the emerging speckles in case (ii) and
(iii) add a short-range correlation as is easily visible in the
cross-section curves in Fig. 1(b). The number of participat-
ing modes can be estimated from the number of speckles in
Fig. 1(a), or be approximated by ½1þ ð�g=�SÞ�1�2, which
is (1, � 50, � 200) for the cases (i,ii,ii) respectively. The
three beams shown in Fig. 1 have been used in the experi-
ments reported below.
To be able to discuss such a Gaussian Schell-model

beam within the unifying beam shift framework
developed by Aiello and Woerdman [30], we consider a
paraxial, monochromatic, and homogeneously polarized
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(� ¼ 1, 2 � p, s), but otherwise arbitrary, incoming opti-
cal field Uiðx; yÞ ¼ P

�Uðx; yÞa�x̂i
�. It propagates along x̂

i
3

(z coordinate), and (a1, a2) is its polarization Jones vector.
We use dimensionless quantities in units of 1=k, where k is
the wave vector. The coordinate systems and their unit

vectors x̂i;r
� are attached to the incoming (i) and reflected

(r) beam, respectively [see Fig. 2(a)]. After reflection at a
dielectric interface, the polarization and spatial degree of
freedom are coupled by the Fresnel coefficients rp;s as [7]

Urðx; y; zÞ ¼ X
�

a�r�Uð�xþ X�; y� Y�; zÞx̂r
�: (2)

X1;2 and Y1;2 are the polarization-dependent dimensionless

beam shifts:

X1 ¼ �i@�½lnr1ð�Þ�; Y1 ¼ i
a2
a1

�
1þ r2

r1

�
cot�; (3a)

X2 ¼ �i@�½lnr2ð�Þ�; Y2 ¼ �i
a1
a2

�
1þ r1

r2

�
cot�: (3b)

Their real parts correspond to spatial beam shifts, and their
imaginary parts to angular beam shifts. For either variant,
beam displacements X� (along the x̂ coordinate) corre-
spond to longitudinal Goos-Hänchen (GH) type shifts
[1], while transverse displacements Y� along ŷ have
Imbert-Fedorov character [3,4]. We observe that the trans-
verse shifts Y� require simultaneously finite a1 and a2,
such as is present in circularly polarized light; this is not
necessary for the longitudinal shifts X�. This explains why

the spatial shifts depend in the GH case only on one
reflection phase, �1 or �2 with �� ¼ argðr�Þ, while in
the Imbert-Fedorov case, the spatial shift depends on the
phase difference (e.g., �1-�2).
In the lab, beam shifts are usually measured via the

centroid of the reflected beam

hRiðzÞ ¼ X
�

w�

R
�hjUð�xþ X�; y� Y�; zÞj2idxdyRhjUð�xþ X�; y� Y�; zÞj2idxdy

; (4)

where w� ¼ jr�a�j2=
P

�jr�a�j2 is the fraction of the
reflected intensity with polarization �. Equation (4)
can be calculated by Taylor expansion around zero shift
(X� ¼ Y� ¼ 0). With the spatial �� ¼ ReðX�; Y�Þ and
angular �� ¼ ImðX�; Y�Þ shift vectors we obtain for the
centroid hRiðzÞ ¼ P

�w�ð�� þMðzÞ��Þ, where MðzÞ is a
polarization-independent 2� 2 matrix which couples lon-
gitudinal and transverse beam shifts depending on the
transverse mode of the field [7].
For a spatially incoherent beam, the incoming field Ui

corresponds to one realization of the ensemble of random
fields with equal statistical properties. For our case of a

FIG. 2 (color online). Setup. (a) An optical beam with variable
spatial coherence is prepared by collimating the light scattered
from a holographic diffuser plate. A combination of a polarizer
and a liquid-crystal variable retarder (LCVR) is used to modulate
between s and p polarization. After total internal reflection
from the prism, the displacement is determined with a quad-
rant detector. Spatial Goos-Hänchen shift measurements.
(b) Experimentally obtained spatial GH beam shifts for different
degrees of spatial coherence. Shown is the observed
polarization-differential shift (symbols); the black curve corre-
sponds to the theoretical prediction.

FIG. 1 (color online). Study of the statistical properties of the
Gaussian Schell-model beams for three different degrees of
spatial coherence, which are used in the experiments (� ¼
675 nm). The first row (a) shows exemplary intensity profiles
out of which the statistical ensemble beam consists; these are
obtained by stopping the rotation of the diffusor plate. The
second row (b) shows the intensity autocorrelation of the corre-
sponding fields in (a) as false-color plots and cross-sectional
curves. This shows clearly the two scales involved, i.e., the
Gaussian beam width and the speckle size. We have determined
the ratio �g=�S by measuring the beam waist together with the

far field divergence angle [24].
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Gaussian Schell-model beam, MðzÞ turns out to be diago-
nal [21], and we finally obtain

hRiðzÞ ¼ X2
�¼1

w�½�� þ���
2
Sz�: (5)

The first term is independent of z, it therefore describes
shifts of purely spatial nature. Since spatial coherence
enters the discussion only via the parameter �S (which
we discuss below), and the first term is independent
thereof, we conclude that spatial shifts are expected to be
independent of the degree of transverse coherence.

We test this in our first experiment [Fig. 2(a)], where we
examine the spatial Goos-Hänchen shift (extension to the
spatial Imbert-Fedorov case is straightforward). A single
Gaussian mode from a fiber-coupled 675 nm superlumi-
nescent diode (FWHM spectral width 20 nm) is focused
loosely (fL1 ¼ 20 cm, beam waist at focus 50 �m) close
to the outer edge of a holographic diffuser (Edmund Optics
NT47-988 light shaping diffuser, 25 mm diameter, scatter-
ing angle 0.5�) [25]. This imprints a random phase on the
beam, which in turn leads to speckle pattern formation by
random interference. To average over many different real-
izations of this field, the diffuser is rotated at 70 Hz, which
leads to a modulation in the speckle pattern at �30 kHz
(this is related to the microscopic structure of the diffuser).
This frequency is much higher than the polarization modu-
lation frequency, see below. We collimate the far field
(fL2 ¼ 10 cm) from the plate and use an adjustable dia-
phragm [see Fig. 2(a)] to gain full control over the key
parameter �g=�S. We implement polarization modulation

(10 Hz) using a polarizer in combination with a liquid-
crystal variable retarder to generate an s or p polarized
beam. This beam is reflected under total internal reflection
in a 45� � 90� � 45� prism (BK7, n ¼ 1:514 at 675 nm),
and refraction at the side faces of the prism is taken into
account for determination of the angle of incidence �. A
quadrant detector in combination with a lock-in amplifier
(locked to the polarization modulation) is used to measure
the relative beam displacement (the quadrant detector is
binned so that it effectively acts as a binary split detector).
Figure 2(b) shows the measured spatial GH shifts for the
three beams with different spatial coherence shown in
Fig. 1. We present exclusively polarization-differential
shifts Dps ¼ Dp �Ds, where Dp;s are the displacements

of p and s polarized reflected beams from the geometrical-
optics position. For �g=�S � 1 we recover the well-

known result that the spatial GH shift appears only for � >
�c [31], where �c is the critical angle of 41.35

�. However,
the essential point of Fig. 2(b) is, that we find that the
spatial beam shift is in fact independent from the degree of
spatial coherence. This demonstrates that the theoretical
result in Refs. [19,21,23] is correct, contrary to competing
claims [20,22].

We turn now to the angular shifts, i.e., to the second
term in Eq. (5). The parameter �S is simply the effective

beam divergence half-angle for a Gaussian Schell-model
beam [24]:

�2S ¼
2

k2

��
1

2�S

�
2 þ

�
1

�g

�
2
�
: (6)

We see that reduced spatial coherence, i.e., reduced �g,

leads to increased beam divergence, and this in turn leads
to increased angular beam shifts.
We test this in our second experiment, where we inves-

tigate the case of the in-plane (Goos-Hänchen type) angu-
lar beam shift. For this we use, as shown in Fig. 3(a), an
additional lens L3 (fL3 ¼ 10 cm) to focus the beam, which
is now reflected externally at the hypotenuse plane of the
same prism as used before. The angular shift implies that s
and p polarized beams follow slightly different paths
which both originate at the beam waist [6]. For our experi-
mental parameters and for beam propagation of a few
centimeters, this angular shift is expected to lead to many
tens of � displacements of the centroid. We can then use
simply a CCD camera to determine the difference in
centroid position for p and s polarization. From two of
such measurements at different propagation distance

20 30 40 50 60 70 80

−1

0

1

2

FIG. 3 (color online). Setup to measure angular shifts.
(a) Compared to the experiment in Fig. 2(a), we introduce lens
L3 to give the beam a sizable angular spread, and we use
external reflection from the prism hypotenuse face. Further, we
use a CCD camera and centroid determination by a computer to
measure the relative beam position for s and p polarization.
(b) Angular beam shifts for different degrees of coherence. The
experimental data (symbols) agree with theory (curves); the
vertical line indicates the Brewster angle (56.55�).
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(5 cm apart) we determine the angular Goos-Hänchen
shift; see Fig. 3(b). The angular shift shows a dispersive
shape around the Brewster angle �B. This in itself is well
known [6]; it is a consequence of the fact that the amplitude
reflectivity flips sign at its zero crossing at �B. New is that
we find a strong influence of the degree of coherence on the
shift, in perfect agreement with the theoretical curves
shown. We conclude that also in this case the theoretical
predictions in Refs. [19,21,23] are correct.

Further, we note that if we replace the coherent-mode
opening angle �0 in the angular GH shift formulas by the
effective beam opening angle �S [see Eq. (6)], partially
coherent beams are well described. We therefore expect
that, for a constant angle of incidence �, the angular beam
shift is proportional to �2S. We have demonstrated this

experimentally for � ¼ 70�; see Fig. 4.
In conclusion, we have found experimentally that partial

spatial coherence of a beam does not affect spatial beam
shifts, while angular beam shifts are enhanced. Basically,
reduced spatial coherence increases the effective angular
spread of the beam, and therefore, angular shifts are
increased. Our data are in good agreement with the theo-
retical study of Simon and Tamir [19], as well as later work
[21,23]. We can conclude that the dispute in literature
[19–23] is now definitively resolved.

We note that partially coherent beams have several
advantages: they are less vulnerable to speckle formation
and also less susceptible to atmospheric turbulences [32].
Although our results have been obtained for a single di-
electric interface, this can be easily extended to the case of
multilayer dielectric mirrors and metal mirrors. Also,
despite that our experimental results are for longitudinal
Goos-Hänchen type shifts only, it is clear from theory that
the spatial and angular transverse Imbert-Fedorov shifts

depend in the same way on the degree of spatial coherence
as the spatial and angular GH shifts do. For completeness
we mention that in our work we simulate a truly stochastic
beam, namely by using a rotating diffusor; this has a much
wider range of applications than when one uses a stationary
diffusor [33]. Our findings demonstrate that transverse-
incoherent sources, such as light-emitting diodes, can be
used in applications which use beam shifts as a sensitive
meter, such as in biosensing [34] or position detection [35];
as well as that the use of Goos-Hänchen shifts for beam
position control [36,37] is applicable to incoherent beams.
Beam shifts may also be relevant in photo lithography
where partial spatial coherence plays a role [38]. Finally,
our findings are relevant for beam shifts of particle beams
(such as electron beams [16] or other matter beams [15]).
Such beams are extremely difficult to prepare in a single
mode (contrary to light beams) due to the smallness of the
de Broglie wavelength; however, we know now that this
should not diminish their (spatial) beam shifts.
We acknowledge fruitful discussions with M. P. van

Exter and financial support by NWO and the EU STREP
program 255914 (PHORBITECH).
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[18] H. G. L. Schwefel, W. Köhler, Z. H. Lu, J. Fan, and L. J.
Wang, Opt. Lett. 33, 794 (2008).

[19] R. Simon and T. Tamir, J. Opt. Soc. Am. A 6, 18
(1989).

[20] L.-Q. Wang, L.-G. Wang, S.-Y. Zhu, and M. S. Zubairy,
J. Phys. B 41, 055401 (2008).

[21] A. Aiello and J. P. Woerdman, Opt. Lett. 36, 3151
(2011).

[22] L.-G. Wang and K.-H. Liu, Opt. Lett. 37, 1056 (2012).
[23] A. Aiello and J. P. Woerdman, Opt. Lett. 37, 1057

(2012).
[24] L. Mandel and E. Wolf, Optical Coherence and Quantum

Optics (Cambridge University Press, Cambridge, England,
1995).

[25] W. Martienssen and E. Spiller, Am. J. Phys. 32, 919
(1964).

[26] E. Wolf and E. Collett, Opt. Commun. 25, 293 (1978).
[27] Note that any non-Gaussian stochastic beam would violate

the central limit theorem [28].

[28] C. Gardiner, Handbook of Stochastic Methods for Physics,
Chemistry, and the Natural Sciences, Springer Series in
Synergetics (Springer, Berlin, 1985).

[29] E. Collett and E. Wolf, Opt. Commun. 32, 27 (1980).
[30] A. Aiello and J. P. Woerdman, Opt. Lett. 33, 1437 (2008).
[31] K. Artmann, Ann. Phys. (Berlin) 437, 87 (1948).
[32] J. Wu and A. Boardman, J. Mod. Opt. 38, 1355 (1991).
[33] M. Merano, G. Umbriaco, and G. Mistura, Phys. Rev. A

86, 033842 (2012).
[34] X. Yin and L. Hesselink, Appl. Phys. Lett. 89, 261108

(2006).
[35] T. Yu, H. Li, Z. Cao, Y. Wang, Q. Shen, and Y. He, Opt.

Lett. 33, 1001 (2008).
[36] L.-G. Wang, M. Ikram, and M. S. Zubairy, Phys. Rev. A

77, 023811 (2008).
[37] Y. Wang, Z. Cao, H. Li, J. Hao, T. Yu, and Q. Shen, Appl.

Phys. Lett. 93, 091103 (2008).
[38] M. Mansuripur and R. Liang, Opt. Photonics News 11, 36

(2000).

PRL 109, 213901 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending

21 NOVEMBER 2012

213901-5

http://dx.doi.org/10.1364/OL.33.000794
http://dx.doi.org/10.1364/JOSAA.6.000018
http://dx.doi.org/10.1364/JOSAA.6.000018
http://dx.doi.org/10.1088/0953-4075/41/5/055401
http://dx.doi.org/10.1364/OL.36.003151
http://dx.doi.org/10.1364/OL.36.003151
http://dx.doi.org/10.1364/OL.37.001056
http://dx.doi.org/10.1364/OL.37.001057
http://dx.doi.org/10.1364/OL.37.001057
http://dx.doi.org/10.1119/1.1970023
http://dx.doi.org/10.1119/1.1970023
http://dx.doi.org/10.1016/0030-4018(78)90131-1
http://dx.doi.org/10.1016/0030-4018(80)90307-7
http://dx.doi.org/10.1364/OL.33.001437
http://dx.doi.org/10.1002/andp.19484370108
http://dx.doi.org/10.1080/09500349114551521
http://dx.doi.org/10.1103/PhysRevA.86.033842
http://dx.doi.org/10.1103/PhysRevA.86.033842
http://dx.doi.org/10.1063/1.2424277
http://dx.doi.org/10.1063/1.2424277
http://dx.doi.org/10.1364/OL.33.001001
http://dx.doi.org/10.1364/OL.33.001001
http://dx.doi.org/10.1103/PhysRevA.77.023811
http://dx.doi.org/10.1103/PhysRevA.77.023811
http://dx.doi.org/10.1063/1.2977873
http://dx.doi.org/10.1063/1.2977873
http://dx.doi.org/10.1364/OPN.11.2.000036
http://dx.doi.org/10.1364/OPN.11.2.000036

