188 Buchbesprechungen

Im zweiten Teil des Buches wird die Optik und Anpassung der Kontaktlinsen
behandelt. Auch hier wurde mit viel Fleif alles zusammengetragen, dessen die
‘Autoren habhaft werden konnten. Xs fehlen jedoch auch hier die neuesten Entwick-
lungen auf diesem Gebiete, wie z. B. die Konoid-Kontaktlinse, die vor zwei Jahren
auch in Europa bekanntgeworden ist und mit gutem Erfolg verwendet wird. Man
vermiBt bei der Darstellung der Tluoreszenzbilder Farbphotographien von echten
Beispielen, die durch die Skizzen und Zeichnungen wohl kaum ersetzt werden kon-
nen.

Ts besteht ein echter Bedarf fiir ein Fachbuch fiir Augenoptiker, das sich mit
Fragen der Brillenanpassung und Anpassung von Kontaktlinsen befallt. Diese
Liicke, die hier vorhanden ist, wird durch das vorliegende Werk jedoch nicht in
zufriedenstellendem MaBe geschlossen. J. Reiner

Handbuch der Physik Band XXV/2c: Licht und Materie lec.
H. Haken, Laser Theory, Springer Verlag 1970. 320 Seiten, DM 120,-.

Der vorliegende neue Band des Handbuches der Physik beinbaltet ausschlieBlich
den Beitrag von H. Haken. Seit 10 Jahren hat sich der Autor mit den theoretischen
Grundlagen des Lasers beschiftigt und dazu eine Reihe originirer Beitrige geliefert.
Unter Hintanstellung experimentell-technischer Probleme oder gar von Anwen-
dungsaspekten, wird die Funktion des Lasers in theoretischer Methodik auf Funda-
mentalprozesse zuriickgefiihrt, wobei die klassische Theorie elektromagnetischer
Telder mit der Quantentheorie atomarer Systeme und statistischer Prozesse ver-
bunden wird.

Diese theoretisch anspruchsvolle Behandlung erstreckt sich auf alle mit der
{aseraktion verbundenen Teilfragen, z. B. mit dem optischen Reonantor, den
Intensititsverhiiltnissen, den Moden-Stabilitiiten, dem Impulsbetricb und den
Kohirenzeigenschaften. Erfafit werden sowohl der Gas- als auch der Festkorper-
laser. In allen Fillen ist die Behandiung so allgemein, daB die Ergebnisse auch auf
den Maser iibertragen werden konnen. Eine Reihe der fiir das Verstiindnis des
Lasers speziell entwickelten Methoden der theoretischen Physik konnen auch auf
analoge Systeme z. B. Systeme mit groBer Abweichung vom thermischen Gleichge-
wicht, nicht lineare Systeme oder Phaseniiberginge in §ystemen angewendet werden.
Den zuletzt genannten Gesichtspunkt hat der Autor, es sei erlaubt den Leser darauf
hinzuweisen, im Hauptvortrag des Fachausschusses Halbleiterphysik 1970 in
Freudenstadt (Festkorperprobleme X, Herausgeber O. Madelung, Vieweg-Verlag
1970) unter dem Thema ,,Laserlicht — ein neues Beispiel fiir eine Phasenumwand-
lung™ erweitert dargestellt.

Obwohl die Laserliteratur mit etwa 2000 Publikationen pro Jahr eine enorme
Zuwachsrate besitzt, wird der vorliegende Handbuchband anfgrund seines funda-
mental-theoretischen Konzepts ein permanent wichtiges Hilfsmittel fir den auf
dem Laser-Gebict forschend titigen Physiker sein. Franz Rudolf Kefiler
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Abstract

The paper is divided into four parts. Part I comprises the Intr i

two chapters entitled “Reflection and Refraction ow a Beam of H%%meﬁﬁ%w%%wﬁw
Reflection of an E-Polarized Beam”. Part II treats the Goos-Hdnchen effect in
o_@mm:.um_ optics. The different descrip.ions are discussed and their results are compa-
Mo@ with :\o:mim.gwmmﬁogm:em. Part 111 deals with the Goos-I dnchen effect in other
:S:ormm of physics such as acoustics, quantum mechanics, plasma physics and non-
Qdo@n optics. The Schoch effect is introduced; furthermore the total reflection of

iverging and converging waves is investigated. The final Part IV is devoted to se-
veral applications of the Goos-Hinchen effect, including the case of absorbing me-

dia. T ition, i i 3 i i
Sm@n@”ommmw_go? it contains the Summary and Conclusion, and the extensive list of
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i -Mechanik, der
h der Akustik, der Quanten .Emorm_: :
Om%w. Der Schoch-Effekt wird o:ummm:rmw ;
ebenso wird die Totalreflexion &conmmﬁozﬁma cu&awo:<mumwMM@WwMM.aWMﬂMM M@SWWMWN me

hli Teil IV ist einigen Anwendungen L o :
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i deren Zweigen der Physik, nim
WENW@.H.E&._W und der nichtlinearen

3. The Goos-Hiinchen Effect in (lassical Optics

Goos and (Lindberg-) Hinchen 1] have experimentally mmmﬂoﬁme%ﬁmg »&HSM.
inci ally ted, linearly polarized beam o
i { incidence, the totally reflected,
WDWMM Mmﬂwmwﬁwpm@& parallel to a ray which would be Hmwmmgm? Mmombmnmw&wﬂ wad
H | : Vewton [ a
i ‘ d, as already suspected by iVe (21, ,
the interface. They conclude , 3 by et e
st incident beam penetrates into the optically les:
even at total reflection, the inc1 ‘ te o cally less-
i - to the optically denser m ;
dense medium and then re-emerges in foally denser mned i o
at the beam is reflected by some virtual s > <
AN go;ammb the less-dense medium. This so-called Qoo.ﬁ.ﬁm %3&33
1 1 ¢ beam digplacement D, as a
ressed equivalently either as a b : .
Mmmmw o%mb WMQMW%&ob 7, or as a shift of the wmmooﬁo.s o.m:dmw X; the bo.w_wﬂwo:
i mwmmzm%g Fig. 1. In the present paper emphasis 13 w_pomm. ondwwo oMMM
Mmmwmooéozﬁ for historical reasons: Z and X are easily obtained from

following relations

small distance w

Z = D}(2 sing) (32a)

and

X = D/cosg, (32b)

i is ot the angle of incidence . .
hat D = D(p) is a function of : n
boﬁ%wcmw the ?%NFE can be formulated SmoHocm_vﬁ.@onmﬂ %Hmm%ﬁ%
\ R 20, its ¢ rtical treatmentis so involved that a sim-
References 7 and 20, its analytica : at;
mﬂog MWWOM M@n not been achieved to date. Therefore, in a manner w.:::wHﬁMM
B mwwa stein [12], we explain the Goos-Hinchen effect on the basis Mﬁ .
W.Q&&M, and Pich pictorial interpretation om.ﬁrm flow of rmv».o energy p ﬁoo i
flection, presented in the preceding section. The Hmm@mfo:a wmmgw.mmno&
Hme@T Hmuﬁm than total in B! and slightly more than aoﬁw_ _wb B . as h_z ﬂm?ﬁm
5 y 1es d a g 3 ~ . . v
Fig i avity totally reflected beam 1s,
1 . 4. The line of gravity of dvo 3 ; : i
MWMWW& with respect to a geometrically reflected Um@ﬂf Mo@%mmmméﬂmo%@
o5 : isplac t as well as the depth ot pe -
-Hiinchen effect. The beam displacement as w depth of .
WSW WMQMMMMMMQ in Section 3.1 for both polarizations. Hrm&mmﬂwﬁgawﬁwﬂw
lon : ) e o physicall
i i n rith Renard’s viewpoint [13], physi
sions vield, in agreement wi / int [13]. the phymer %
at the Goos-Hinchen effect vanishes
meaningful result that jen effect vanishes in the E 5
zing incidence. These general expressions are ra nvoly o
W«QMMMVWMMQ substantially if only angles close to the critical angle for tota
es substa 3 3

reflection are considered.

i Yoos-H iinchen
Artmann [15] and Wolter |16] developed theories for the Goos-Hdnche

i in Secti eir

ffect on the basis of physical optics, which are Qm.mnm@ n vmoﬁo\:um.w. Mwﬁ-

M@mmo idea rests upon Noether’s simple rzowwwmﬁgﬂoz _‘Hm% OW MW@ mﬂ M%ﬁqim&
A he 11 tlined in Section 1.0. stigat

s theory of total reflection [7], ou . , ey
MMM_Mogw qowwmnﬁo: of two plane waves propagating under a small angle w
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respect to one another. Artmann assumed a superposition in-phase and con-
sidered the propagation of the resultant maximum. He showed that his
results so deduced can also be obtained on the basis of a complete plane-
wave expansion, but the derivation is much more involved. On the other
hand, IWolter assumed a superposition out-of-phase and considered the
propagation of the resultant minimum. This method of the minimum-ray
definition [21] enables one to measure the beam displacement with high
precision. In fact, Wolter demonstrated perfect agreement between theory
and experiment for angles close to the critical angle for total reflection. It is,
therefore, concluded that the Artmann-Wolter expressions for the Goos-
Hiinchen effect, although not quite satisfactory in the limit of grazing inci-
dence, are simple and accurate enough to warrant their application in most
practical cases,

IWolter’s theory [16] provides the possibility of accounting for absorption.
This feature is briefly indicated in Sections 3.2 and 3.3; but a detailed
discussion is deferred to Section 6.2.

Section 3.3 is concerned with the narrow angle range about the critical
angle for total reflection which has so far been excluded for reasons stated in
Section 1.2. The two plane-wave components representing the incident beam
are studied in the transition region from total to partial reflection on the basis
of Woller’s extended theory [16]. The limiting case, when these components
propagate in the same direction, was treated by 4rtmann [44]. Henoted that,
as the angle of incidence approaches the critical angle for total reflection, the
intensity distribution of the beam is distorted and its reflection center shifts
by a finite rather than an infinite amount.

Finally, it should be mentioned that an aperture, introduced in front of
the interface to cut a beam from an incident plane wave, causes a small
polarization-dependent beam displacement [45]. The displacement is parallel
to the direction of propagation and results from the electromagnetic boundary
conditions which must be satisfied at the edge of the aperture. In the classical
experiment of Goos and Hinchen [1] this phenomenon is negligible since it
arises only once, whereas the beam displacement at total reflection is magni-
fied by the multiple reflections.

3.1 General Description Based on the Flow of Light Energy

The Goos-Hdinchen effect expressed by the beam displacement D can be
written in the general form, [3]

D, = (4/27) Re {la . +r ViR L}, (33)

where Re {. . .} stands for “real part of {...}”. On substituting the respective
telations from (13) through (17) we obtain for the E polarization

A sing

P (¢, D) (34)

7 )sin? @ — sin2




192 H. K. V. Lotsch
with the shorthand
1 — sinZp
Plp®)=—— 7", (35)
. @) 1 —sin2®
and for the H polarization
A sin
D, =2 PP (36)

M Vsin® p — sin®@
with the shorthand
sin2@ (sing cos?@ — sin%p + sin®@)

P (g D) = B (37)
sing(sind@ cos?p + sin%p — sin*®)

where n has been replaced by sin® according to (18). The Goos-Hdnchen
effect is thus represented by a product of two functions. The first function
is common to both D and D, whereas the second depends upon the polari-
zation. The singularity of the common function is immaterial since, as we
recall from Section 1.2, the immediate neighborhood of @ must be excluded.
This narrow angle range (say, ¢ — @ < 0.3°) will be considered separately in
Section 3.3.

The expressions (34) and (36) are plotted in Fig. 5 for three different values
of the parameter @. We see that the beam displacement decreases, first
rapidly and then slowly, as the ¢ exceeds @. In agreement with Renard’s
viewpoint [13] the beam displacement vanishes in the limit of grazing inci-
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Fig. 5. The beam displacement D versus angle of incidence ¢ is displayed for three

different values of the critical angle for total reflection ®. The open dots represent

Renard’s expression (40b) for H polarisation. The wavelength 1 is measured in the
optically denser Medium.
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dence, 1. e., as @ — 7/2. Its dependence on the polarization is pronounced at
small values of @ and diminishes as @ increases. In fact, the ratio (P,/P)
reduces to sin®?® = n% < 1 for ¢ — @, according to (35) and (37), and SEH,M-
fore approaches unity as @ — m/2.

The totally reflected beam appears to have been reflected by a virtual
surface at the distance Z within the less-dense medium ; its center of reflection
seems shifted by the amount X along the interface (see Fig. 1). Using (34) and
(36) we obtain the depth of penetration Z from (32a)

Z = A ! P /7
o et 0P
(38)
A 1
N: =T HV:AQV @vu
27 sinlp — sin2@
and the shift of the reflection center from (32b)
. A tan
VFH|[.L’IWF3§ ev
7 Ysin?p — sin?@
; (39)
tan
Xy =— T e — Py, ?),

7 /sinp — sin?@

where the polarization-dependent functions P(p, @) are defined by (35) and
Amdu respectively. It is interesting to note that X is undetermined in the
limit of grazing incidence. This result appears quite reasonable since the beam
would propagate along the interface without intersecting it.

The two expressions of (38) are plotted in Fig. 6 for three different values
of the parameter @. We see that, as in the case of the beam displacement,
the depth of penetration is equally significant only in the vicinity of @,
recalling the exclusion of the immediate neighborhood of @. The depth of
Penetration decreases, first rapidly and then slowly, as @ exceeds @, In the
_:Em of grazing incidence no light energy penetrates into the less-dense
medium. The dependence on the polarization is the same as discussed above.

Renard [13] previously derived the beam displacement, likewise taking
@.9&5@@@ of the conservation of energy. He noted that all energy propaga-
ting in the region M of the less-dense medium (see Fig. 4), described by Sy
of (30) with o = 0, must return to the denser medium in the right border
zone of the reflected beam. This flow of energy causes a displacement of the
line of gravity of the totally reflected beam, amounting to, [13]

A sing cos?
== = (40a)
7 Ysin®p —sin2@ \ coslp | sin%p — sin2@
for E polarization and to
A sing sin2@ cos?
d, =2 4 (40b)

7 Ysin®p —sin®@® \ sint® cos’p - sinZp — sin2
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¥ig. 6. The depth of penctration Z versus angle of incidence ¢ is displayed for

three different values of the critical angle for total retlection @. At @ = 75° both

polarizations exhibit essentially the same functional dependence. The wavelength
2 is measured in the optically denser medium.

for H polarization. The former expression is obviously identical with (34),
whereas the latter is slightly, but insignificantly different from (36). In fact,
the numerical evaluation indicated by the open dots in Fig. 5 yields that the
deviation is so small that both results, namely (36) and (40b), may be con-
sidered in full agreement for all practical purposes. The minute discrepancy
originates from the fact that both derivations, strictly speaking, stem from
approximate theories.

The polarization-dependent functions (35) and (37) can be simplified
substantially if the angle of incidence @ is only slightly larger than the
critical angle for total reflection @. In this limit we have sing ~ sin@ = n,
and the Goos-Hénchen effect can be represented approximately by the
Artmann-v. Fragstein expressions ({12] and [15])

! sin®

D~
7 |'sin%p — sin®@
(41)
D 2 1/sin® D,
" a ['sin%p — sin2@ sin?@
and
A 1
L ——————
I Jsinlp — sin?@ (42)
A 1/sin*@ Z
7, [sin - N

27t /sin%p — sin2® sin?@
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These expressions reveal a pronounced dependence on the polarization
::Em.q D, > D, and Z, > Z. since sin® < 1. This dependence was zom
seen in the original experiment of Goos and Héanchen [1a] and, therefore, led
to m.mémEL speculations. Artmann [15] believed that his theory would wwm&o@
an imcorrect emphasis on polarization, resulting from familiar difficulties
with Kirchhoff’s boundary conditions. Von Fragstein [12] later oobﬂcgmm
o.oﬁ,moﬁ% that the origin of the discrepancy should be traceable to imperfec-
tions of the subtile measurements. In a Hmu:zmmamzao: Goos and (Lindberg-)
Hénchen [1b] resolved the discrepancy, and I olter [16] m&owm@ﬂﬁ?? mm:.oﬁ\b-
strated perfect agreement between nr.mcg and experiment. )

The depth of penetration can be _.52@.3%@_ straightforwardly on the basis
of the Em.o:o_:mw:mﬁ_.o field in the less-dense medium. This field mmow,wm
wk%obm:ﬂﬁzvu namely with the factor exp (277wz/2) for E polarization mcoow.m-
ing to (27). At e~ the absolute value of z is given by (42a), if (19) is taken
into account. Goos and [inchen |1a] utilized a similar ar .zu:_mb@ to lai
their measurements. ; s

3.2 Approximate Deseription Based on Physical Optics

mmmﬁoiomﬂ%v Artmann [15] first explained the experimental observation of
Q.cem and Hdnchen .—: on theoretical grounds, using physical-optics theories
E.E:..ﬁ to ﬁE.wm of Noether |8] and Picht [7]. He could express the beam
displacement in the simple form

A d
=2 %
27t dep

Dy

u (43)

where the subscript A refers to “Artmann”. The absolute-value notation is
mEEo%m& so that (43) is applicable to either time convention: note the dis-
cussion following (19)%. If the phase shift 6, is derived from the Fresnel
wmmwngos coefficient of (13a) and (16a), respectively, the beam %.mwfom:wmi
Is given by the Artmann-Wolter expressions .

A sing

Daw. BTN - (44a)
' sincg sim

Daw, = A _ sing _ sin®@ cos2P

7 Jsin®p —sin?@ \ sind® cos?p + sin’p — sin?@

H (44b)
- U.><<F N 5
sin® (1 + csc2@) —1

* The reader should bear this r ing i i i
houl easoning in mind since h il
lute-value notation in several equations ﬂmo follow. e hewill encounter the abso-
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where the two subscripts A and W refer to “Artmann” and “Wolter”. These
expressions are valid for angles close to the critical angle for total reflection,
but do not hold right at it. Artmann [16] suggested to exclude the narrow
angle range of (p — @) < 0.3°. For angles ¢ only slightly larger the above
equations reduce to the Artmann-v. Fragstein expressions (41).

The expressions so far given for the beam displacement have been evalua-
ted numerically in the range of Ap = (p — @) < 5° for @ = 10°, 20°, 40°,
60° and 80°, respectively. For convenience, all the results are graphically
presented in Fig. 7, exhibiting the general description expressed by (34) and
(36) in solid curves. The numerical results obtained from (44) are indicated
by the strings of open dots. They agree very closely with the general descrip-
tion, except at a large @ value. This deviation is not entirely surprising since
(44) suffers from the shortcoming of predicting a nonvanishing beam dis-
placement in the limit of grazing incidence, as pointed out in Reference 13.
The Artmann-v.Fragstein expressions (41) are illustrated by the strings of
dots. We notice at once the poor agreement in the case of H polarization at
small @ values. For E polarization the numerical results deviate by a few
percent. However, since the magnitude of the beam displacement is so small,
these deviations are hardly noticeable in Fig. 7; the dots lie within the little
circles. As @ increases, the deviation decreases rapidly and the simple
Artmann-v. Fragstein expressions describe rather well the beam displace-
ment at medium @ values. It should be noted that this range contains the
important case of total reflection at the glass/air interface.

Wolter [16] investigated the Goos-Hdinchen effect on the basis of the mini-
mum-ray definition developed by himself [21]. He considered the simulta-
neous reflection of two out-of-phase plane waves propagating under the small
angle A and intersecting the interface at the angle g und ¢' = @ — A, respec-
tively. The reflected minimum ray is then displaced parallelly by

Dy ARRL (45)

iwrR+R A4

where the subscript W refers to “Wolter”, and the Fresnel reflection coeffi-
cients R and R’ are given by either (13a) or (16a) for the corresponding angle
@ or ¢'. The above expression is complex, its real part represents the beam
displacement and its imaginary part is a measure for the “blurring” of the
minimum. At Im{Dw} the intensity increases to twice its value at the
minimum ; and thus 2Im {Dw} may be interpreted as the width of the reflec-
ted minimum ray.

Wolter pointed out that in the limit as 4 — 0 the above expression can be
reduced to

by A LR

2m R d
TT1 g Twmv
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HE.m equation may be looked at as a simple, but significant extension of (43)
At 1deal total reflection | R| = 1 and, since arcR is given by the phase mzmr.w
Jr, (46) reduces to (43). Therefore, the equations (44) are termed the Artmann-
Wolter expressions.

mm.:pﬁob. (46) reveals a number of important facts in light of the afore-
.Emza:ub.@m Interpretation of (45). If we assume for the moment that the two
interfacing media are ideally lossless, then at total reflection |R|=1and the
Sdm:% reflected minimum ray is strictly displaced, whereas at partial reflec-
tion (p < D) arcR = 0 and the partially reflected minimum ray is only
E:E,mm. In general, the minimum ray is both displaced and blurred, depend-
ing upon the angle of incidence and the properties of the E@mawmommm media.

Hb. q&&im theory [16] the index of refraction may be complex, thus
providing the possibility of accounting for absorption in the &m_moﬁwom as
well as for metallic media. A comprehensive treatment of this topic is deferred
to Chapter 6. Only the results for reflection at a silvered surface, pertaining
to the present subject, are reproduced here. Assuming e, = 1.52 and
Ve, = ny — ixy with n, = 0.18 and %, = 3.31 for silver at 1, — 5500 A
Wolter obtained for the beam displacements Daw, = 0124 mwm Daw L
— 0.184 at ¢ = 45°. Attention is directed to the significant fact that Mowwb&-
ing upon the polarization, the beam appears to be reflected by a imn:& sur-
face Moom.dm& either below or above the interface. In each case the “depth of
penetration” amounts to only a few percent of the already small beam
displacement. Those results have a bearing upon the interpretation of the
measurements since the reference beam has been reflected metallically at a
silvered strip, as indicated in Fig. 2. — It seems worth mentioning that replac-
ing the real quantities n and w of the Artmann-v. Fragstein expressions (41)
and Kw.v by complex quantities in the sense of metal optics leads to results
mwwwoﬁﬁmd&% equal to those of Wolter, [46]. This observation is not unex-
pected since the Artmann-v.F ragstein expressions are contained in the
Artmann-Wolter expressions as first-order approximations. In our theory a
complex dielectric constant would lead to some difficulty in treating A(f,)
so elementary, as outlined in connection with (23). )

~ Goos and Hdinchen [1a] first succeeded in measuring the beam displacement
m a novel experiment discussed in connection with Fig. 2. They clearly
&ﬂiodmﬁmwmm the dependence on the angle of incidence, but could not find
::SME% a dependence on the polarization. The latter observation was rather
w:ﬁr:m from the theoretical point of view and led to speculation, as indicated
wﬂ Section m.H Goos m:.& Hénchen [1b] later resolved the issue by measuring
Ew dgoﬁsg:% predicted polarization dependence in a refined experiment.
questions were finally settled by Wolter [16] who demonstrated excellent
agreement between theory and experiment, as shown in Fig. 8. Wolter re-
Mw.m?wom that to measure such a subtile effect requires the application of his
MB:EBEM.S% mmeSoz [21]. This ingenious method provides a 16-fold
H_kuo,\o resolution over the Goosand Héinchen technique, as indicated in Fig. 8.
0 ¢ measured and calculated data presented in this figure are normalized to
€ vacuum wavelength 1, rather than to 1 — ni,, as done throughout this
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mann and Wolter, and the string of dots depicts the approximation (41) suggested
by Artmann and v. Fragstein. | Note that the dots representing (41a) for I8 polariza-
tion lie within the circles for the corresponding equation (44a).]
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o 8 —— __ L_I+||T|*||l paper. For total reflection at the glass/air interface investigated by Wolter
M 6 1N L||TT|T . we have 2 = 2,/1.52 since n = 1/1.52. The small correction due to the
o ¢ .ITT [ reflection of the reference beam at the silvered strip, mentioned above, has
2 z|o, een taken into account in preparing Fig. 8. Wolter, after a detailed conside-
o3 » D 3 o o ration of possible errors in the measurement, concluded that the measured
Q° °

angle difference AP —=

Tc

points for D/A, are, on the average, accurate at least to 0.3; in narrower angle
ranges the error was found to be as small as 0.05 to 0.1.
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The curves shown in Fig. 8 were, strictly speaking, calculated on the basis
of Wolter’s extended theory to be discussed below. The Artmann-Wolter
expressions (44) are only valid for (p — @) > 0.3°. In this range the approxi-
mate (A — 0) and extended (4 = 2.5 X 10-3) theories of Wolter yield, for all
practical purposes, identical displacements, as may be inferred from Fig. 9,
The theoretical results so far presented are, therefore, completely substan-
tiated by measurement. This leads one to conclude that the Artmann-Wolter
expressions (44) are not only simpler than our general formulas (34) and (36)
but also accurate enough for most applications. Their shortcoming in the
limit of grazing incidence is not severe because the Goos-Hdinchen effect is
significant only in the neighborhood of the critical angle for total reflection
and negligible everywhere else.
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Fig. 8. The beam displacement Dy versus angle difference dp = (¢ — D) in
degrees and radians is presented for both polarizations, [16]. The wavelength 4 18
measured in the optically denser medium. The measured and calculated 4=
2.5 x 107%) results demonstrate the excellent agreement between theory and
experiment. <—1— indicates the minimum beam widths in the measurements re-
ported by Goos and Hinchen [1], whereas <2— shows the width of the minimum
ray in Wolter's experiment. (Reproduction through the courtesy of H. Wolter,
University of Marburg, Germany).
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Fig. 9. The beam displacement DW, i

| , ) ' . W, In vacuum wavelength 1y versus 1

difference Ag’ = (¢'— @) in radians is depicted in the WEEQO@mm iomw:;% mwo:ﬂ:omrm

critical angle for total reflection @, assuming different values for A, [186]. (Repro-
duction through the courtesy of H. Wolter, University of Marburg, Germany)

3.3 Description of Transition Region from Total to Partial Reflection

~ The ammoiw.&o: of the Goos-Hinchen effect so far presented does not hold
in the immediate neighborhood of the eritical angle for total reflection, as
momgm. above. In this section the transition from total reflection to wmww&m_
.H,mmmoi.o:, including the previously excluded angle range of (p — @) < 0.3°
18 oozmﬁmﬁm on the basis of Wolter’s extended theory [16]. Substituting .gm
owﬁmmwozm:@ Fresnel reflection coefficients into Wolter’s expression (45)
yields after a straightforward calculation

Dy, — W W in {cose’ cos [arcsin (sing/n)] — cosp cos [arcsin (sing'/n) ]}

wA c0sg cose’ — n? cos [aresin (sing/n)] cos [aresin (sing’/n)]
and (472)
Dy, — m, W in {cosp’ cos [arcsin (sing/n)] — cosg cos [arcsin (sing’ /n) ]} (47h)

A n2cosp cosp’ — cos [arcsin (sing/n)] cos [arcsin (sing’/n)]
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where ¢ and ¢’ denote the angles of incidence of the two out-of-phase plane
waves propagating under the small angle 4 = ¢ — ¢". .

Wolter [16] numerically evaluated (47) for several values of A; his results
are reproduced in Fig. 9 through 11. Fig. 9 Ezmg,mdmm. the real wp‘g of \?va“
representing the beam displacement, versus the angle Qa.mmwm:ook_ﬂ =¢ —,
where ¢ designates the wave with the steeper angle of incidence. We note the
familiar functional dependence in the range of Ap’ > 0. For A¢' < 0 the
beam displacement decreases rapidly depending upon gw value of A and
becomes zero at Ag’ = — A. That is to say, (47) may be interpreted as re-
presenting the resultant beam displacement of two plane-wave components.
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i T i ini 7 in vac ravelength Ay versus angle
Fig. 10. The width of the minimum ray in vacuum wavele Ao ver
%mgocoo Ag' = (¢'— @) in radians is depicted in the immediate vicinity @wozwer%
critical angle for total reflection @, assuming different values for 4, E%;. (Reprodu

tion through the courtesy of 7. Wolter, University of Marburg, Germany.)
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When the component with the steeper incidence crosses over to the region of
partial reflection, its displacement becomes identically zero, in a sense leaving
behind the displacement of the second, slightly less steep component. Finally
at Ag' = — A both components have crossed over to the region of partial
reflection. — Fig. 10 depicts the width of the minimum ray versus the angle
difference R_Q\. This width is obviously zero as long as both plane-wave
components are confined to total reflection. At Agp’ = 0, where the more
steeply impinging component crosses over to the region of partial reflection,
the minimum ray is blurred discontinuously. As A¢’ decreases further and
exceeds —/, the width of the minimum ray settles down to some finite value.
- The dependence of the beam displacement on the polarization of the
incident waves is demonstrated in Fig. 11. The dependence decreases as Ag’

partial reflection _ total reflection
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Fig. 11. The polarization ratio (D 1/Dw) versus angle difference Ag’ = (¢ — D)
in radians is depicted in the immediate vicinity about the critical angle for total
reflection @, assuming different values for 4, [16]. (Reproduction through the

courtesy of H. Wolter, University of Marburg, Germany)

decreases to zero and is absent in the range of negative Ag’. — As noted in
connection with (46), the foregoing discussion applies to the ideal case of
nonabsorbing media. Assuming a complex index of refraction to account for
absorption will not alter our discussion in any essential point; it will merely
introduce smooth transitions in place of the abrupt transitions as the angle
difference A¢’ is varied.

As pointed out in Section 3.2, IWolter [16] substantiated his calculations by
experiment; the results are reproduced in Fig. 8. We note full agreement
between theory and experiment for both polarizations in the entire angle
range of interest. This excellent agreement cannot be stressed enough in
view of the subtile experiment which had to he performed.

Artmann [44] also investigated the transition region from total to partial
reflection, thus supplementing his classical treatment of the Goos-Hnchen
effect with the narrow angle range of (p — @) < 0.3°, previously excluded
(15]. He recognized the similarity between his treatment and Sommerfeld’s
rigorous solution of the diffraction problem on an infinitesimally thin,
perfectly conducting half-plane [47]. Taking advantage of this similarity,

14 Optik 32, Heft 3
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Artmann related the transmitted beam at SE. onset of partial ?ﬁmw&S: do
v. Schmidt’s lateral wave, to be treated in mooﬁo: aw —-The E.&mww_ w @w.mh,w @w
introduced by v. Schmidt [25] to describe the :Qm%o::m reflection”, ::&HML mw

in the Introduction. — He then showed that the Z-d.:ﬁmm aog:%. Smmcnw ; MMSM
in the experiment of Goos and Hénchen [1] can be 53@%8@. in terms o m,,, mm,

transmitted beam at a particular plane. drtmann found that in the _:Ewoan ia .w
neighborhood of the critical angle, the center of the totally reflected beam is
50%05_% shifted along the interface by the amount [44]

Ll ON H
<~ 2Np with  (¢g— @) = - (48a)
97 1 2sin?@ - tan® ¢ — P X

where p is the polarization factor, but also distorted w.z its ~.cdm:,.a,;%.m_wﬂuvcw
tion. This distortion is essentially m:&m@@:mw:ﬂ of the intensity distri : SM.o‘

the incident beam. On account of v. Schmidt’s lateral wave, @m beam MM-
placement at the eritical angle is not infinite, but assumes the finite value, [44]

AN N @Zw@moOm@ Twmvv
‘ ?H@ \wﬁ sin2@

We note that the quasi-displacement (48a) is Eovowr.w:.m,_ to Np, irmwmmm.;m
limiting value (48b) is proportional to (Np)z. @xw:ﬁﬁ% ?m polarization
ac i B polarization and 1/sin?® for H polarization.

fuctorpis Lfor B0 (To be continued)
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Uber den Maximalwert des photometrischen
m:mr—sswmma:?m_@SSm

Von J. Krochmann

Institut fiir Lichttechnik der Technischen Universitit Berlin
Eingegangen am 22. Mai 1970

Inhalt

Durch die internationale Temperaturskala 1968 sind die Zahlenwerte fir die
Konstanten ¢, und e, des Planckschen Strahlungsgesetzes und die platin-Erstar-
rungstemperatur Ty neu festgesetzt. Dadurch findern sich auch die Maximalwerte
des photometrischen Strahlungsiquivalentes K,, fiir Tagessehen und K'n fiir
Nachtsehen. Die neuen Werte crgeben sich zu K — 675 Im/W und K'n, = 1725
Im’/W. Der Verlauf des Maximalwertes des photometrischen Strahlungsiquivalentes
K*m im mesopischen Bereich wird behandelt.

Abstract

The Maximum Luminous Efficiency. The values of the constants ¢, and ¢, of
Planck’s law and the temperature of the Platin-melting point are fixed by the
International Temperature Scala 1968. By this the photopic and scotopic maximum
luminous efficiency is charged. The new values are: K — 673 Im/W and K'n, =

1725 Im'/W. Values of the maximum luminous efficiency within the mesopic range
are given too.

1. Begriffe

Die lichttechnischen GroBen ergeben sich fiir Tages- bzw. Nachtsehen aus
den entsprechenden strahlungsphysikalischen GréBen zu [1]:

780 nm
Xy=Kn | Xea V(4 da (1)
380 nm
780 nm
Xy=Kny | Xea VI(A) dA (2)
380 nm

Xy die lichttechnische GroBe fiir Tagessehen, z. B. die Leuchtdichte L,

X'y die lichttechnische GroBe fiir Nachtsehen, z. B. die skotopische Leucht-
dichte L/,



