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1 – Introdução: 
 

 Experimentos envolvendo imagens e sua formação sempre nos prendem a atenção, 
principalmente quando conseguimos observar padrões que intuitivamente não esperaríamos, 
tais como imagens peculiares, ilusões de óptica, efeitos visuais, uma holografia, uma 
sombra na parede ou até mesmo um arco-íris. Estes exemplos muitas vezes aguçam nossa 
curiosidade e nos motiva a desvendar como “as coisas funcionam”. O que propomos através 
deste experimento, que de maneira análoga desperta o interesse e impulsiona às descobertas 
científicas, é a formação de pseudo-imagem através de uma superfície cilíndrica espelhada. 
Esta será implementada, de uma maneira mais elementar, por uma chapa metálica 
recobrindo a superfície interna de um tubo de PVC comum presente em qualquer 
estabelecimento de material para construção. O espelho assim construído, de formato 
cilíndrico, servirá para evidenciar uma característica observacional bastante intrigante, pois 
quando depositamos um pequeno objeto (brinquedo em miniatura) neste simples aparato, o 
padrão de imagem formado parecerá, para um observador posicionado de maneira a olhar o 
cilindro lateralmente, como se estivesse “flutuando” no interior deste cilindro. Além disso, 
se fixarmos o olhar nessa imagem gerada e circundarmos este mesmo aparato a fim de 
“enxergar” o outro lado da figura, perceber-se-á que a imagem formada acompanhará seu 
movimento, de modo a sempre manter a posição inicial da imagem em relação ao 
observador. Podemos melhorar essas “sensações” se iluminarmos todo o conjunto com uma 
luminária e incidirmos um feixe de raio laser (gerado por caneta laser de diodo) na imagem 
formada, aumentando desta forma a sensação de tridimensionalidade e a nitidez. 
 
 
2 – Teoria: 

 
 Quando um objeto é inserido no interior de uma superfície cilíndrica espelhada, de 
preferência no eixo (centro) do cilindro, observa-se a formação de um contínuo de pseudo-
imagens ao longo deste mesmo eixo, conforme mostra a Fig. 1, que eventualmente podem 
possuir boa qualidade. Este padrão pode ser tão bom quanto se queira, bastando para isso 
que a superfície formada pela chapa espelhada esteja mais próxima possível de um cilindro 
perfeito, ou seja, sem quaisquer sinais de vincos, dobras ou partes achatadas (localmente 
planas). Essa preocupação torna-se desnecessária quando pensamos no cilindro de vidro 
metalizado também proposto neste experimento. Se aproximarmos o pequeno objeto das 
paredes do cilindro espelhado, perceberemos que sua imagem sofrerá deformações devido à 
aberração esférica, que dentro de certos limites pode ser tolerada, pois não afetará 
consideravelmente a qualidade da imagem formada. Em uma abordagem menos superficial 
e mais técnica, temos que o efeito observado não é tecnicamente uma imagem, pois nem 
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todos os raios oriundos do objeto irão convergir em um único ponto (como acontece em 
espelhos esféricos). Em vez disso, o espelho cilíndrico irá se comportar como um elemento 
óptico formado pela imagem de um ponto em um segmento de linha no eixo óptico, 
designado tecnicamente por axicon [1]. 

 Fig. 1 – Processo de formação da pseudo-imagem em uma superfície refletora cilíndrica. 
 

Os raios oriundos de cada ponto do objeto contribuirão, após uma reflexão no 
espelho, para a formação de uma linha focal na direção axial. Estes raios também podem ser 
vistos como oriundos de uma linha de imagem virtual na seção transversal que contém o 
objeto. Como conseqüência a imagem observada irá apresentar um comportamento não-
usual, pois quando o observador mover-se na direção axial a imagem acompanhará seu 
movimento [2,3]. 

 

 
 

Fig. 2 – Formação de imagens por uma superfície refletora cilíndrica na direção axial. 
 

Uma ampla discussão dos raios do objeto que convergem em “duas linhas de 
imagens”, em detrimento de um único ponto, é realizada na Ref. [2], na qual é detalhado 
que uma destas linhas é real enquanto a outra é virtual. Para um objeto no centro do cilindro, 
a linha de imagem real localiza-se ao longo deste eixo. 
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Fig. 3 – Formação de imagens por uma superfície refletora cilíndrica 
representando um contínuo de imagens nas posições observadas. 

 

Se chamarmos o raio da secção transversal do cilindro de R e nos restringirmos aos 
pontos de imagem ao longo do eixo central, o comprimento focal da secção horizontal deste 
cilindro será R/2, como se ele se comportasse como um espelho esférico, a distância do 
objeto ao espelho é R, então a linha de imagem se distancia também de R com magnificação 
unitária. Nesse caso, a linha de imagem virtual será um círculo de raio 2R no mesmo plano 
horizontal do objeto [4]. Um observador que passar através de ambas as linhas de imagem 
receberá ambos os raios, assim a imagem na direção axial parecerá que se move 
verticalmente, acompanhando o movimento do observador (Figs. 2 e 3). Quando a imagem 
é observada por ambos os olhos, se esses estiverem em uma direção transversa ao eixo do 
cilindro, atrás do espelho e paralelo ao mesmo, os eixos de convergência localizam a 
imagem próxima ao centro do cilindro. Quando iluminamos e incidimos um feixe de raios 
laser sobre a pseudo-imagem, a ilusão faz com que tenhamos a sensação de que o objeto 
está mesmo sendo iluminado. Este experimento também nos evidencia que somente uma 
reflexão, em espelhos cilíndricos, é envolvida para cada raio, como pode ser facilmente 
verificado quando incidimos o feixe de raios laser sobre a pseudo-imagem. 
 
 
3 – Lista de Materiais: 
  

Formação de imagem em tubo de PVC com chapa de aço interna: 
 

1. Tubo rígido de PVC com 10 cm de diâmetro, 12 cm de comprimento e espessura 
aproximada de 4 mm; 

2. Chapa de aço inoxidável espelhada, com as mesmas dimensões do tubo e 2 mm de 
espessura; 
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3. Objeto a ser depositado no fundo do tubo para ser refletido pelas paredes espelhadas: 
usarei bonecos ou animais em miniatura de fácil identificação pelo público; 

4. Luminária comum para aumentar a nitidez da pseudo-imagem formada; 
5. Caneta laser para realçar o efeito. 
       
Formação de imagem em tubo de vidro com superfície interna metalizada: 

 
1. Tubo de vidro com 10 cm de diâmetro, 12 cm de comprimento e espessura 

aproximada de 4 mm; 
2. Metalização por tungstênio da parede interna do tubo de vidro a ser efetuada no 

laboratório didático de vácuo do IFGW; 
3. Objeto a ser depositado no fundo do tubo para ser refletido pelas paredes espelhadas: 

usarei bonecos ou animais em miniatura de fácil identificação pelo público; 
4. Parafuso regulável que servirá como plataforma para o objeto a ser depositado no 

interior do tubo espelhado, permitindo um ajuste da posição (altura) da pseudo-
imagem formada; 

5. Luminária comum para aumentar a nitidez da pseudo-imagem formada; 
6. Caneta laser para realçar o efeito. 

 
 
4 – Procedimentos Experimentais: 
 
 

Formação de imagem em tubo de PVC com chapa de aço interna: 
 
As fotos apresentadas nas Figs. 4 a 7 mostram o padrão de imagens gerado pelo 

aparato proposto na primeira parte do experimento, ou seja, a formação de pseudo-imagem 
em tubo de PVC com chapa espelhada recobrindo a superfície interna do tubo. A chapa foi 
doada pela empresa ISOLAN (situada na Avenida Santa Izabel, 30) que também forneceu 
serviço de corte e dobra, pois a manipulação sem acessórios apropriados poderia danificar a 
superfície, ou seja, provocar riscos, diminuindo a qualidade do fenômeno a ser observado. 

 
A imagem gerada pela miniatura, representada na Fig. 7, é uma boa aproximação 

para uma imagem tridimensional real de um objeto que flutua, mas pequenas imperfeições 
na chapa espelhada alteraram levemente esta percepção. Por exemplo, a imagem não se 
apresenta com perfeita nitidez, encontrando-se levemente embaçada. Pode-se reduzir este 
efeito negativo sobre a qualidade da imagem aumentando-se a luminosidade incidente sobre 
o aparato. 
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    Fig. 4 – Chapa de aço inox e tubo de PVC.                 Fig. 5 – Chapa no interior do tubo, miniatura ao lado. 
 
                            

           
Fig. 6 – Vista superior da miniatura no interior do tubo.          Fig. 7 – Pseudo-imagem gerada pelo aparato. 
 

 
 
Formação de imagem em tubo de vidro com superfície interna metalizada: 
 

A configuração proposta nesta etapa do trabalho consistiu na evaporação de 
filamento de tungstênio no interior de uma superfície cilíndrica de vidro. Este tubo 
cilíndrico, após consulta ao técnico do laboratório didático de vácuo Sr. Carlos Salles 
Lambert, foi obtido através da vidraria da Unicamp, por meio de uma ordem de serviço a 
pedido do meu orientador Prof. Mário N. Tamashiro. O cilindro requerido possui as mesmas 
dimensões do tubo de PVC, ou seja, 10 cm de diâmetro, 12 cm de altura e espessura 
aproximada de 4 mm, composto de vidro comum usado basicamente em laboratórios de 
química para confecção de béquer, erlenmeyer ou tubos de ensaio. As fotos a seguir, Figs. 8 
e 9, mostram o padrão de pseudo-imagens gerado nesta implementação através de cilindro 
de vidro metalizado: 
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Fig. 8 – Tubo de vidro metalizado tendo a seu lado miniatura sobre 

plataforma (parafuso ajustável) a ser inserida em seu interior. 

 

 
Fig. 9 – Pseudo-imagem gerada com grande sensação de tridimensionalidade. 

 
Comparando as Figs. 7 e 9, podemos agora perceber a grande diferença apresentada 

entre as pseudo-imagens dos dois métodos propostos neste trabalho, embora em ambos o 
objetivo proposto inicialmente tenha sido alcançado com êxito. Um observador externo 
consegue perceber claramente nas duas implementações a pseudo-imagem formada, mas 
obviamente com maior nitidez no segundo caso (vidro espelhado). Tendo em vista essa 
percepção clara de uma pseudo-imagem formada, o experimento proposto serve de forma 
eficaz como uma alternativa econômica ao dispositivo formador de imagens em espelhos 

 14-7



parabólicos conhecido como MIRAGE® [5,6], comercializado pela empresa Optigone. Este 
dispositivo consiste de duas lentes parabólicas colocadas face-a-face que formam uma 
imagem real no orifício na parte superior do aparato. 

Uma tentativa de formação de pseudo-imagens através da construção de superfícies 
parabólicas já foi proposta anteriormente em disciplina correlata [7], obtendo êxito parcial. 
Tal experimento demonstra a relevância do assunto e nos forneceu motivação adicional para 
o prosseguimento deste trabalho. 

 
 

5 – Dificuldades Encontradas: 
 
 ● A principal dificuldade encontrada na etapa inicial de trabalho consistiu em obter 
os materiais necessários para a construção das superfícies espelhadas. 
 

● No primeiro método proposto – chapa curvada dentro de um tubo de PVC – 
consegui por meio de doação um pequeno pedaço de chapa de aço inoxidável, pois a 
aquisição da mesma era financeiramente inviável, além do que, a venda deste material se faz 
somente em grandes quantidades, estas armazenadas em bobinas industriais.  

 
● No segundo método proposto – vidro metalizado – também a obtenção do material 

a ser utilizado se constituiu em uma dificuldade significativa: vidro e filamento de 
tungstênio, mas a grande ajuda dos técnicos do laboratório didático de vácuo e criogenia, Sr. 
Carlos Salles Lambert e Sr. Renato Lopes de Souza, resolveram este problema.  
 

● Visto que a técnica empregada para a confecção de superfície espelhada por 
irradiação de filamento de tungstênio em câmara a vácuo requer equipamentos específicos, 
considero esse fato uma adicional dificuldade encontrada. Tivemos que realizar alguns 
testes de superfície, pois as primeiras irradiações geraram superfícies metalizadas foscas que 
prejudicariam a qualidade da observação do fenômeno. 

 
● A formação da pseudo-imagem no primeiro método proposto sofreu perda de 

definição devido a pequenos riscos e imperfeições apresentadas na chapa metalizada, mas 
com uma boa iluminação incidente (fornecida através de uma luminária) o efeito de 
tridimensionalidade é reforçado, aumentando portanto, a sensação que o experimento visa 
proporcionar. 
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6 – Declarações do Orientador: 

Meu orientador, o Prof. Mário N. Tamashiro concorda com o expressado neste 
relatório e emitiu as seguintes opiniões: 

 
1-Declaração relativa ao relatório parcial: 

 
“Relatório aprovado. O aluno apresentou muita dedicação e iniciativa para encontrar 

os materiais necessários para a execução do experimento. Acredito que a segunda etapa 
do trabalho, com o tubo de vidro metalizado, será concretizada no prazo, tendo em vista 
que já foram realizados vários testes preliminares, bastando apenas obter uma metalização 
uniforme e sem partes foscas. O resultado, mesmo com o protótipo com partes foscas, foi 
de qualidade superior quando comparado com o tubo de PVC com chapa espelhada”.  
 
2-Declaração relativa ao relatório final: 
 

“Relatório aprovado. A segunda etapa do trabalho, com o tubo de vidro metalizado, 
foi concretizada com grande êxito. A imagem tridimensional formada por este método tem 
qualidade superior àquela obtida através de chapa metálica em tubo de PVC, sendo 
comparável ao produto comercial MIRAGE®, comercializado pela empresa Optigone”. 
 
 

7 – Pesquisa Realizada: 
 
 A pesquisa realizada na internet se constituiu basicamente em encontrar as 
referências citadas no artigo-base [4], que foi a inspiração para este presente trabalho. 
Utilizei para isso programas de busca com as seguintes palavras chave: “pseudo-imagem”, 
“espelho cilíndrico”, “formação de imagem”. No próximo item do relatório apresentamos 
um sumário dos tópicos discutidos em cada uma dessas referências. 
 
 
8 – Sumário das Referências Citadas: 
 
[1] – Z. Jaroszewicz, A. Burvall, A. T. Friberg, Opt. Photon. News 16, 34–39 (Apr. 2005). 
 

Este artigo especializado discute aspectos históricos e aplicações atuais do elemento 
óptico designado tecnicamente como axicon.  
  
[2] – A. J. DeWeerd, S. E. Hill, Phys. Teach. 43, 90–92 (Feb. 2005). 
 

Este artigo trata basicamente da formação de imagem em espelhos de secção 
cilíndrica, primeiramente mostrando como os raios de um ponto-objeto refletem para formar 
não somente um ponto, mas sim duas linhas de imagem. Logo em seguida descreve como 
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um observador percebe a imagem de um objeto e no final do artigo nos relata o efeito da 
sensação de profundidade. O artigo contém também um apêndice no qual os autores nos 
mostram, através de um desenvolvimento matemático elementar, que a linha de imagem 
virtual formada por uma superfície cilíndrica se constitui em um segmento de uma curva 
denominada limaçon de Pascal. O cardióide representa um caso especial dessa classe de 
curvas, apresentando uma cúspide.  
 
 
[3] – D. E. Thomas, Sci. Am. 12, 158–171 (Dec. 1980). 
 

Este artigo faz uma descrição das inversões de imagem em espelhos cilíndricos 
(côncavos e convexos), planos, espelhos com formatos de sela, toroidais e espelhos mistos, 
ou seja, que são formados por mais de uma classe de superfícies, suas peculiaridades de 
reflexão e projeção de convergência de raios em suas respectivas superfícies.  
 
 
[4] – M. A. Caussat, H. Rabal, M. Muramatsu, Phys. Teach. 44, 443–444 (Oct. 2006). 
 

Este artigo foi a base para o experimento proposto na disciplina, com nossa sugestão 
adicional do tubo de vidro metalizado por irradiação em câmara de vácuo. 
 
 
[5] – MIRAGE® -  http://www.optigone.com. 
 

Neste sítio eletrônico comercial encontram-se as descrições das características 
básicas do equipamento usado no laboratório de Física Básica-IV, para elucidar a formação 
de imagem em um ambiente peculiar, nesse caso, duas superfícies espelhadas em formato 
parabólico, com um ponto-objeto no formato inusitado de um porquinho, convergindo os 
raios na parte superior do dispositivo que contém um orifício, dando a sensação para um 
observador externo e que não tomou conhecimento do mesmo, que o objeto encontra-se 
realmente naquela posição, quando na verdade ele encontra-se no fundo, repousando na 
superfície parabólica inferior. 
 
 
[6] – C. Ucke, Phys. Unserer Zeit 38, 21–23 (Jan. 2007). 
 

Neste artigo podemos encontrar fotos da versão comercial do MIRAGE®, bem como 
uma discussão da existência de uma segunda configuração dos espelhos parabólicos na qual 
há também a formação da pseudo-imagem tridimensional. 
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[7] – Leandro Aparecido Nogueira de Paula (orientador: Pedro Raggio), Contribuição para a 
construção de espelhos parabólicos.  Relatório de Instrumentação para o Ensino F-809,  1º semestre  
de 2006, disponível através do link: 
http://www.ifi.unicamp.br/%7Elunazzi/F530_F590_F690_F809_F895/F809/F809_sem1_2006/Lea
ndroA_Raggio_RF1.pdf 
 

Este relatório, que pertence ao acervo eletrônico da disciplina F-809 (Instrumentação 
para o Ensino), descreve um método para a confecção da superfície parabólica para a 
formação de imagem de uma maneira análoga ao produto MIRAGE® [5,6], comercializado 
pela empresa Optigone, bem como uma discussão do problema associado conhecido como 
balde de Newton, com seu desenvolvimento matemático mais rigoroso, aspectos físicos 
intrínsecos, além de detalhamentos históricos da mecânica clássica à mecânica relacional. 
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Johannes Vermeer is thought to have used a camera obscura for “The Girl with a Pearl Earring,” c. 1665-1667, Mauritshuis, The Hague. The
painting is widely regarded as one of Vermeer’s masterworks.


Royal Cabinet of Paintings Mauritshuis The Hague
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and questioned how the sun could make
a circular image when it shines through
a square hole.


Others give priority to the Arabian
scientist Alhazen (ca. 965-1040 A.D.),
considered one of the great optics
authorities of the Middle Ages. He
described applying the pinhole camera 
to safely observe solar eclipses without
endangering the eyes, and he used it 
as an analog to show how an image is
formed in the eye. Roger Bacon, who
also adopted the pinhole camera for the
eclipse of 1247, brought Alhazen’s work
into the European tradition.2


During the European renaissance,
the pinhole camera became an impor-
tant device both in science and art 
(Fig. 1). In 1490, Leonardo Da Vinci
described it in his notebooks and may
have used it later for his studies of


perspective. Apparently, Giambattista
della Porta (1535-1615) was the first
European to publish information about
the pinhole camera, and therefore, he is
sometimes incorrectly credited with its
invention. He may have coined the term
“camera obscura,” which in Latin stands
for dark room, but della Porta probably
based his work on earlier books.2


However, artists immediately took 
it up as a drafting tool, and there is 
a long and more than secular discussion
about whether Vermeer used a camera
obscura as an aid to render perspective
(see facing page).3 In the 17th and 18th
centuries, the pinhole camera became a
standard device for painters.


To add to the confusion of the cam-
era’s origin, the nomadic tribes of North
Africa, who lived in animal skin tents,
probably knew of the image-forming
ability of a tiny hole thousands of years
ago. A pinhole in a tent would project 
an image of the scene outside.2


Poisson or Arago spot? 
Perhaps the most important axicon 
controversy was the famous affair of the
Poisson or Arago spot—a bright spot 
created by interference in the center of
the shadow of an opaque disc or sphere.


J. H. McLeod coined the word “axi-
con” in 1954 from the Greek words
�́����ς (axis) and ει��́�� (image).1


According to his definition, an axicon is
an optical element that images a point
into a line segment along the optical
axis. The axicon should be a figure 
of revolution and the object point
placed on its symmetry axis (see Fig. 3,
p. 37). The particular version proposed
by McLeod was a glass cone, but consid-
ering his definition, almost any optical
element with a rotational symmetry
qualifies as an axicon. For example, a
perfect lens is a special case of an axicon.
Also by McLeod’s definition, axicons
were used and analyzed long before
they given a formal name.


The title of this article should not be
taken entirely seriously. Nonetheless,
axicons—though unknown to most 
people—are important in optics. How
can one measure their importance? Let 
us assume that the most important opti-
cal element is the one that has generated
the most discussions, contradictions and
disagreements. By that criterion, the axi-
con surely wins. The number of axicon
applications has also increased signifi-
cantly in the last few years—another
indication of their importance.


Who discovered the pinhole
camera and when?
Chronologically, the pinhole camera can
be treated as the first axicon because, in
principle, it possesses an infinite depth
of focus. The question of who invented
this oldest image-forming device still
causes discussion among historians.
The earliest mention of the pinhole
camera seems to belong to the Chinese
philosopher Mo-Ti (5th century B.C.).
Apparently, Aristotle (384-322 B.C.)
knew the optical principle of the pinhole
camera’s action. He observed a partially
eclipsed sun through the holes in a sieve


Last year, the optics community celebrated the 50th anniversary


of the formal naming of the axicon. Long before that, however,


axicons generated vivid discussions and disagreements, often of


fundamental importance to our understanding of optics. More


recently, axicons have become key components in practical and


scientific applications.


Figure 1. Camera Obscura, Reinerus Gemma-Frisius, 1544. Note that the figure is dated
earlier than della Porta’s work. [See www.acmi.net.au/AIC/CAMERA_OBSCURA.html.]







Even its name is not definitely estab-
lished. It is sometimes referred to as the
Arago spot (a term for which Google
found about 8,000 Web pages at the end
of 2004), and sometimes as the Poisson
spot (about 66,000 Web pages). The
Arago spot fulfills the definition of an
axicon; it is possible to use an opaque


spherical obstacle as an image forming
device (Fig. 2).4


It is well known that Poisson, an
adherent of the corpuscular theory of
light, noticed that a consequence of the
wave theory presented by Fresnel to the
contest of the French Academy in 1818
should be such a bright spot. Because this


was counter-intuitive, he discarded the
whole wave theory as incorrect. When
Arago experimentally confirmed this
result, which at first sight seems con-
trary to common sense, Fresnel’s theory
gained strong experimental support and
the corpuscular theory was refuted.
From that time on, the episode has
served philosophers of science as a
favorite example of “experimentum 
crucis,” a crucial experiment that puts 
a theory to the test.


Nevertheless, it seems that this funda-
mental controversy has been modified
over the years to fit the views and needs 
of those who tell it. It is worth mention-
ing, however, that Fresnel obtained the
French Academy prize for his work
before the experimental results of Arago
became widely known (or at least pub-
lished), and that the contest’s commis-
sion assigned the award to Fresnel despite
the lack of experimental support for 
his theory. Interested readers should 
consult the excellent monographs of
J. Z. Buchwald and Nahum Kipnis for
more information.5


Predating this famous incident,
G. F. Maraldi probably observed the
Arago spot for the first time almost a
century earlier.6


Diffraction-free beams or 
subject to diffraction? 
The Bessel beam, first proposed 18 years
ago, provides a more recent example of
axicon imaging.7 Following the beam’s
first presentation, a hectic discussion
regarding its nondiffracting qualities took
place.8 Usually a nondiffracting beam is


36 Optics & Photonics News ■ April 2005


AXICON–THE MOST IMPORTANT OPTICAL ELEMENT


Figure 2. Image formation in the full shadow zone of an opaque sphere: (a) geometry of
the experiment, (b) object, (c) image formed in white light and (d) image using a laser
beam. [Ref. 4]
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5th century B.C.
Earliest mention of the 
pinhole camera made by
Chinese philosopher Mo-Ti.


384-322 B.C.
Aristotle observes a partially
eclipsed sun through holes
in a sieve and questions
how the sun could make a
circular image when it shines
through a square hole.


965-1040 A.D.
Arabian scientist Alhazen
describes how to use the
pinhole camera to safely
observe solar eclipses.


1247 A.D.
Roger Bacon adopts the pinhole
camera for the eclipse of 1247,
bringing Alhazen’s work into the
European tradition.


1490 A.D.
Leonardo Da Vinci
describes the pinhole
camera in his notebooks.
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understood as a solution of the wave
equation separable into two parts; one
depends only on the propagation coordi-
nate, whereas the other is a function of
the transverse coordinates and remains
unaltered for any position along the opti-
cal axis. Obviously, in the case of an infi-
nite aperture, the Bessel beam, described
as J0(k��)exp(ik�z)—where k=2	/
,

 is the wavelength, and �2 + �2 =1 
(� and � are the radial and axial direc-
tion cosines)—fulfills the definition of
a diffraction-free beam.


Nevertheless, it was claimed that even
with a finite aperture, the Bessel beam
maintains much of its nondiffracting
character.8 Supporters of this view based
their argument on the comparison of a
Bessel beam’s invariance range with a
Gaussian beam of waist equal to the
Bessel beam’s central lobe. Of course,
the Rayleigh range of the Gaussian beam
is much shorter than the length of the
Bessel beam’s focal segment, but one can
hardly view this as proof of the Bessel
beam’s increased resistance against
diffraction. In a Bessel beam, the energy
flow is not axial, but takes place under 
the angle � (Fig. 3).


Therefore, successive points along the
focal segment are powered by annuli of
increasing radius on its aperture, outside
the width of its central lobe. In other
words, the Bessel beam is an interference
pattern, in which the outer rings continu-
ally maintain the central maximum and
prevent it from spreading (Fig. 3). When
isolated, the central lobe of the Bessel
beam would spread out as quickly as a
Gaussian beam of the same waist.


Superluminal velocity or not?
The most recent axicon controversy
regards the superluminal velocity of
the Bessel beam. A short session on the
Internet reveals a huge number of papers
dealing with this subject. We mention
just a few of them in order to give some
examples.


One experiment in which a superlu-
minal velocity was announced is inter-


esting because of its historical context.
It deals with the axial velocity of the
interference fringes created by a bound-
ary wave from an opaque sphere (an
Arago spot), superposed with a spheri-
cal wave originating from the center of
the drilled sphere. Nevertheless, this is
an example of phase velocity, which can
be superluminal. In another experi-
ment, an ionization front produced 
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Figure 3. Focal segment OA formed by a classical linear axicon described by J. H. McLeod
[Ref. 1] and the cross-section of the focal segment. The radius of the central peak is given
by �0=c
/�, where �=sin� and c=0.3827. [Ref. 12]
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1980s
The diffraction free
Bessel beam provides
a recent example of
axicon imaging.


1535-1615 A.D.
Giambattista della Porta is 
the first European to publish
information about the pinhole
camera. He may have coined
the term camera obscura.


1818
Poisson notices that a consequence
of Fresnel’s wave theory should be
the bright spot that comes to be
named for him and Arago, who
experimentally confirms this result.


1700s
G. F. Maraldi probably observes the
Poisson or Arago spot—a bright
spot created by interference in the
center of the shadow of an opaque
disc or sphere—almost a century
before Poisson and Arago.


1600s
The pinhole camera
becomes a standard
device for painters.


1954
J.H. McLeod
introduces the
name “axicon.”
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by the focal segment of a pulsed Bessel
beam turned on in an ambient gas was
measured to be superluminal (Fig. 4).9


One proposed interpretation refers to
the so-called scissors effect. Although the
velocity of the scissor blades is sublumi-
nal, their contact point can move faster
than light. This analogy is immediate if
one takes into account that the Bessel
beam can be considered as an azimuthal
superposition of plane waves of equal


inclination with respect to the optical
axis. In other words, its spatial-frequency
spectrum is a circle.


However, there is no possibility of
obtaining superluminal communication
because every point of the focal segment
is independent of its neighbor, created
by the corresponding aperture annulus.
To establish communication between
two points on the image segment, the
signal must first move between the


respective annuli in the aperture and
then proceed to the optical axis. When
this is taken into account, the commu-
nication velocity turns out to be sublu-
minal and the causality law saved. The
whole issue of superluminal velocity is
actively debated in the literature and 
has passionate opponents10 and
proponents.11


Modern applications 
The Bessel beam neither breaks the laws
of diffraction nor enables superluminal
communication. Nonetheless, the classic
axicon line image (as the Bessel beam
used to be called) has a number of inter-
esting applications. The most important
uses of Bessel beams were, and still
remain, in alignment activities. Axicons
form a long and narrow light segment
along the optical axis and serve first of
all as elements defining a reference line.
This application is fully justified when
one takes into account that the ratio of
the diameter of the central peak to the
length of the focal segment is comparable
to 
/R, where R is the aperture of the ele-
ment.12 This allows for accuracy on the
order of 10-6.


The list of metrological applications
covers possibilities such as the alignment
of optical systems and mechanical
devices, testing the flatness of large sur-
faces, detecting small objects by observ-
ing scattered light, optical triangulation
and sectioning. We illustrate here one
particular example, which is interesting
because of its historical contexts; namely,
the oldest wave-optical axicon image, the
Arago spot, is proposed for the alignment
of a modern free electron laser (Fig. 5).13


Another important application of
axicons lies in imaging with an increased
depth of focus. Logarithmic axicons 
are indicated as the best ones for this
particular task, because the optical inten-
sity remains constant along the focal 
segment.14


Optical tweezers for the manipulation
of micro-objects were proposed simulta-
neously with the Bessel beams, and soon
the use of axicon lines for particle trap-
ping was observed and appreciated.15


In recent years, optical tweezers have
attracted much attention, and they have
been converted into standard devices for
the positioning of biological cells.
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Figure 4. Ionization tracks produced by an advancing ultrashort (~70 fs) optical 
Bessel beam pulse at four successive times. The propagation range of the pulse is about
9.2 mm. The ionization front moves at the Bessel pulse’s superluminal group velocity.
Insets: (a) axial profile of the ionization front; (b) transverse electron density profiles at
two time delays. [Ref. 9]


Figure 5. Poisson line for FEL alignment. The inset shows the Poisson (or Arago) spot
from a 25 mm diameter sphere illuminated by a laser, in observation plane at the dis-
tance of 100 m. The curve is the calculated intensity profile out to the edge of the
shadow. [Ref. 13]
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Investigators have obtained more-com-
plex axicons producing higher-order
Bessel beams, twisted beams and optical
vortices by adding an angular phase term
to the transmittance.


The focal segments of such wave
fields show, apart from interesting topo-
logical properties, a pipeline intensity
and a rotating phase structure that 
can exert torque on trapped particles 
and rotate them as a result of angular
momentum. Optical spanners—primar-
ily making use of orbital rather than
intrinsic or spin angular momentum,
and of Laguerre-Gaussian beams instead
of fields attributed to the optical twist
phenomenon16—were obtained in this
way (Fig. 6).


Another rapidly developing applica-
tion area in which axicons play a key role
is nonlinear optics, particularly optical
frequency doubling by Bessel beams, a
use initiated by the seminal work of
Wulle and Herminghaus.17 Related topics
include the pumping of active media and
dispersion compensation. A recent pro-
posal suggests the use of an axicon in
optical coherence tomography for recov-
ering the three-dimensional structure of
the human eye.18


The types of axicons available—
and the variety of the fields they gener-
ate—have grown considerably in recent
years. Apart from the Bessel beams, new
continuous wave and pulsed solutions
have emerged, such as the X-waves,
Matthieu beams and parabolic non-
diffracting fields. Some of them allow
generalizing the axicon definition and
ignoring the requirement of radial sym-
metry.19 Fabrication technology has also
advanced. Besides the classical cone axi-
cons and the conventional Bessel beam
set-ups, a variety of diffractive counter-
parts consisting of ordinary lenses and
other variants flourish.


Hopefully, we have demonstrated that
axicons are among the oldest known
optical elements. Despite their long and
turbulent past—or maybe thanks to it—
axicons still offer novel, exciting possibili-
ties in research and applications. Most
important, we are convinced that as 
axicons embark on the second half-cen-
tury of their formal existence, they will
give rise to useful discussions of funda-
mental importance in optics.
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Figure 6. A light beam with a rotating polarization vector carries spin (SAM), whereas 
a beam that rotates as a whole carries orbital angular momentum (OAM). Both spin 
(1h– per photon) and OAM (nh– per photon) can on their own set a microparticle into rota-
tion (center and right columns). If the beam’s OAM is 1h– per photon and if the beam is
oppositely circularly polarized (spin = -1h– per photon), the rotation stops (left column). 
[See www. physics. gla.ac.uk/Optics/projects/opticalSpanner/]
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The Dizzying Depths of 
the Cylindrical Mirror
Alan J. DeWeerd and S. Eric Hill, University of Redlands, Redlands, CA 

A typical introduction to geometrical optics 
treats plane and spherical mirrors. At first 
glance, it may be surprising that texts sel-


dom mention the cylindrical mirror, except for the oc-
casional reference to use in fun houses and to viewing 
anamorphic art.1,2 However, even a cursory treatment 
reveals its complexity. Holzberlein used an extended 
object to qualitatively illustrate that images are pro-
duced both before and behind a concave cylindrical 
mirror.3 He also speculated on how this extreme astig-
matism results in an observer’s dizziness. By consider-
ing a simple point object, we make a more detailed 
analysis of the cylindrical mirror and the dizziness it 
induces. First, we illustrate how rays from a point ob-
ject reflect to form not one point image but two line 
images. Next, we describe how an observer perceives a 
likeness of the object. Finally, we suggest how confus-
ing depth cues induce dizziness. Although we focus on 
the concave cylindrical mirror, the discussion is easy 
to generalize to the convex cylindrical mirror.


Astigmatism and Line Images
The image of a point source is the point through 


which all of its reflected rays either converge or proj-
ect. Familiar examples of these two cases are the real 
image of an object (outside the focal length) reflected 
in a concave spherical mirror and the virtual image of 
an object reflected in a plane mirror. A concave cylin-
drical mirror has a circular cross section like a spheri-
cal mirror and a straight cross section like a plane 
mirror. Figure 1 illustrates how rays reflected from 
the former converge to a point in front of the mirror,4 

90                                                         DOI: 10.111

Fig. 1. Reflections from cross sections of a concave cylin-
drical mirror. Rays reflected by a straight section of the 
mirror project to a point behind it, and those reflected 
by a concave section converge to a point in front of it.


Fig. 2. Two line images are formed when a point object 
is reflected in a concave cylindrical mirror. 
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while rays reflected from the latter project to a point 
behind the mirror. 


The picture gets more complicated when we con-
sider the rays reflecting from all points on the cylinder, 
not just those along narrow sections. Figure 2 shows 
how the reflected rays converge to points along a line 
in front of the mirror and project to points along a 
curve behind the mirror. For example, the two upper 
reflected rays converge to a point above and in front 
of the mirror, while the two on the right project back 
to a point to the right and behind the mirror.  Reflec-
tions from the whole mirror produce the two lines 
images shown in Fig. 2, which are similar to those 
produced by an astigmatic lens.5 The real line image is 
straight because of the symmetry of the mirror along 
the z-axis. We show in an appendix available online6 
that the virtual line image is a segment of a limaçon.7 


Depth and Dizziness 
Although a point object is mapped to two line im-


ages, observers who look at their reflections in a con-
cave cylindrical mirror will recognize their likenesses 
(despite their being blurred, distorted, and reori-
ented8,9). In order to understand how the likeness of 
a point object is perceived, it is important to consider 
the role of an observer.


For a point object, each ray reflected from the con-
cave cylindrical mirror both intersects the line image 
in front of the mirror and projects back to the line im-
age behind it. Therefore, the ray connecting these two 


Fig. 3. When viewing a likeness, the ray entering an 
eye intersects one line image and projects back to the 
other.
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lines and the eye determines the direction in which 
the likeness is viewed. This is shown in Fig. 3 for two 
eyes in different locations. Unlike an image in which 
a point of an object is mapped to a single point, the 
likeness cannot be considered to have a fixed location. 
As an observer moves left or right, the direction of the 
gaze changes as if the likeness were located at the line 
image in front of the mirror. However, as an observer 
moves up and down, the direction of the gaze changes 
as if the likeness were located at the line image behind 
the mirror. 


Viewing with two eyes provides similar depth 
information to that gathered by using one eye and 
moving around. Because of their physical separation, 
the eyes look in slightly different directions to view 
the same object. The nearer the object, the larger the 
angle between the directions in which the eyes gaze.  
This “angle of convergence” cues the observer to the 
object’s depth.10 For two eyes oriented horizontally 
(in the x-y plane in Fig. 3) the two rays of their gazes 
cross at the line image in front of the mirror, indicat-
ing that the likeness is there. However, if the eyes are 
oriented vertically (in the x-z plane), the two rays 
project to the line image behind the mirror, indicating 
that the likeness is there. When the two eyes are off 
axis, their gazes do not converge.


A single, stationary eye also provides a depth cue, 
the amount of accommodation required to focus.10 
The focal length of the lens is adjusted by the ciliary 
muscles, so their tension gives information about the 
distance of an object. If the muscles are relaxed, then 
the object is far away; if they are tense, the object is 
nearby. This means of determining depth is com-
plicated by a cylindrical mirror’s two line images. A 
lens focused to the front line’s depth would project a 
vertical line segment on the retina, while one focused 
to the back line’s depth would project a horizontal 
segment. If the lens were focused at an intermediated 
distance, an oval shape would be projected on the 
retina.11 We suspect that the eye compromises and 
focuses at a point between the line images where each 
axis is equally well focused. This is called the “circle of 
least confusion” for an astigmatic lens.5 It is our expe-
rience that when viewed with just one eye, a reflection 
in a cylindrical mirror is fuzzy but not dizzying. 


Dizziness is likely a result of confusing depth cues. 
When an observer’s eyes are along either the horizon-
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tal or the vertical axis, the angle of convergence places 
the likeness at the depth of one of the line images, but 
accommodation places it between the two line images. 
Identifying the exact physiological cause of the diz-
ziness would require further exploration, but we can 
conceive of two possibilities. The inability to mentally 
reconcile these inconsistent depth cues could produce 
a confusing sensation. Alternatively, the focus and the 
aim of the eyes may keep adjusting in a futile attempt 
to achieve both a clear likeness and consistent depth 
cues, producing an uneasy sensation of motion. If the 
observer’s eyes are not along either axis, convergence 
does not give a clear depth cue, which seems to make 
the confusion worse. In our experience, the dizzying 
effect is the worst while tilting one’s head from side to 
side.


Summary
We have explored the interesting properties of the 


concave cylindrical mirror by building on the familiar 
descriptions of plane and spherical mirrors. As with 
an astigmatic lens, the cylindrical mirror maps a point 
object to two line images. However, an observer can 
resolve a recognizable likeness of an object. The dif-
ferent depth cues provided by accommodation and 
convergence are probably the cause of the dizziness an 
observer may experience. The analysis for a convex cy-
lindrical mirror is the same, except that both line im-
ages are virtual. The depth cues are not as confused for 
object points near the convex cylindrical mirror since 
the line images are not very far apart.
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Here, we show that the virtual line image produced 
by a cylindrical mirror for a point source is a limaçon 
(or limaçon of Pascal).  All rays from a point object, 
incident along the same vertical strip of a cylindrical 
mirror (e.g., the purple rays in Fig. 2), project to one 
point. If there were a plane mirror running tangent to 
the strip, this point would be the image. The point lies 
as far behind the tangent plane mirror as the object 
lies in front of it. A view of this in the x-y plane (with 
the object at the origin) is shown in Fig. 4, where B is 
the ray from the object to a point on the cylindrical 
mirror, ρ is the vector from the object to the corre-
sponding point on the line image, R is the radius of 
the mirror that points to where the ray reflects, and 
C extends from the object to the center of the mirror. 
Recognizing some similar angles and using the law of 
cosines leads to the following relations: 


1
2 ρ θ φ= −B cos( )  (1)


B2 = C 2 + R2 + 2CR cos θ , (2)


and


C2 = R2 + B2 – 2RB cos (θ – φ).   (3)


Simplifying these equations yields


ρ = 2R + 2C cos θ, (4)


which is the polar equation for a limaçon.7 Figure 
5 shows the limaçon produced when a point object 
is reflected by a cylinder. Reflection from the con-
cave (blue) portion of the mirror produces the outer 
(blue) loop of the limaçon, while reflection from the 
convex (red) portion produces the inner (red) loop.


Fig. 5. Virtual line image of a point object reflected 
from a cylinder is a limaçon. Reflections from the blue 
and red segments of the cylinder produce the blue and 
red loops, respectively.


Appendix to “The Dizzying Depths of the 
Cylindrical Mirror”


Alan J. DeWeerd and S. Eric Hill 


Fig. 4. Construction for finding a point on the virtual 
line image.
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		JoaoP-Tamashiro_RP.pdf

		teste2.pdf

		Instituto de Física “Gleb Wataghin” 

		Tópicos de Ensino de Física I – F609B 

		 

		João Paulo da Silva (RA 024113) 

		- O primeiro, menos elaborado, consiste em uma chapa espelhada (inox, ou qualquer outro material espelhado que não apresente qualquer rugosidade ou dobra), a qual será curvada e inserida no interior de um tubo de PVC usado comumente em construções. O tubo rígido servirá apenas como suporte para o material espelhado. Esta implementação, por utilizar materiais mais simples, mas ainda assim conseguindo manter íntegra a essência do fenômeno abordado, visa a sua fácil reprodução por eventuais interessados em apresentar esse experimento em sala de aula ou qualquer outro meio de divulgação científica, onde queiram explorar os conceitos físicos associados. 

		- O segundo, um pouco mais laborioso, consiste em recobrir tubos de vidro em formato cilíndrico, nas especificações de dimensão estabelecidas previamente, por uma fina camada de tungstênio evaporada e depositada sobre a superfície de vidro em uma câmara de alto vácuo. A viabilidade deste processo de metalização já foi discutida com o especialista do laboratório didático de vácuo do IFGW (Sr. Carlos Salles Lambert), que irá acompanhar e efetuar o procedimento. Por envolver técnicas de irradiação de metais e necessitar de uma câmara de alto vácuo, essa implementação não é amplamente disponível.  
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T here are several interesting experiments 
involving image formation that can be easily 
implemented using mirrored foil, a very inex-


pensive material. When the foil is somewhat bent by 
holding its opposite edges and slightly pulling them 
together, cylindrical surfaces are generated. They 
behave as cylindrical mirrors, and circular or ellipti-
cal cross sections can be made. A project that can be 
easily built with the mirror foil is the generation of 
a pseudo image that is so compelling in its appar-
ent reality that it can easily be taken to be the object 
itself.


When a mirror foil is bent into a complete circular, 


cylindrical mirror, a slender object located along its 
axis forms a continuum of pseudo images along the 
same axis (see Fig. 1). These pseudo images along 
the axis can be of very good quality. To that end, care 
must be taken that the cylinder is as perfectly round 
as possible. Besides, the object must be of restricted 
extension in the radial direction for deformations (due 
to spherical aberration) to remain tolerable. 


The observed result is not technically an image, 
as not all the rays coming from an object point go 
through a single point (as also happens in anamorphic 
images in cylinders). Instead, the mirror behaves as an 
axicon,1 because rays coming from every point in the 
object contribute, after one reflection in the mirror, 
to a focus line in the axial direction. These rays also 
seem to come from a virtual line image in the trans-
versal section containing the point. As a consequence, 
the observed image has a strange behavior; when the 
observer moves in the axial direction the image ac-
companies the movement (Buddha seems to levitate 
in Fig. 2). The image is also rotated 180º around the 
axis of the cylinder with respect to the object.2


The astigmatism of the image formed by a cylin-
drical mirror and other related facts were recently 
discussed in detail.3 As shown in Ref. 3, rays from a 
point object converge to two “line images” instead of 
a single point image. One of them is real and the other 
is virtual. For an object at the center of the cylinder, as 
in this case, the real line image is also along the axis. 
Let us call the radius of the cylinder R and restrict our 
attention to the image of points on its axis. The focal 
length of a horizontal cross section of the cylinder is 


PVC tube
with mirror
mylar


Observer


Continuum of
pseudo images


Object


Fig. 1. Pseudo image formation near the axis of a mir-
rored cylinder. After only one reflection in the mirror 
each object point is mapped into an axial line, and 
a continuum of images can be perceived when the 
observer moves axially. Two such images are shown. 
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R/2 (half the radius) as it behaves as a spherical mirror, 
and the object distance to the mirror is R, so the line 
image distance is also R with unit magnification. In 
this case, the virtual line image is a circle of radius 2R 
in the same horizontal plane as the object. A viewer’s 
gaze must pass through both of the line images to 
receive the rays, so the axial image seems to move ver-
tically accompanying the movement of the observer. 
When the image is observed with both eyes, their axis 
convergence locates the image near the center of the 
cylinder if the eyes are in a direction transversal to the 
cylinder axis and behind the mirror if the eyes are par-
allel to that axis. When the image is illuminated with 
a flashlight or a laser, the illusion is that the object 
itself is being illuminated. This experiment also helps 
verify that only one reflection in the cylindrical mir-
ror is involved for each ray as it can be easily observed 
following the laser ray. Hints to improve the effect: It 
is convenient to include in the scene some neutral ma-
terial (such as dark velvet) as a background to distract 
away from the regions where aberrations are impor-
tant. Use an object that can be easily recognized, and 
also one where deformations do not necessarily impair 
the apparent quality of the image. One possible way 
to continue the experiment is to suggest pupils ex-
plore what happens to the image when the cylinder is 
slightly modified into a cone.


There is a device on the market that produces a 
real image with some similarities to this one. It is 
composed of two high-quality (and prize) parabolic 
mirrors face to face, one of them with a hole where the 
real image is formed.4 Each ray suffers two reflections 


Fig. 2. The levitating Buddha pseudo 
image. PVC tube is 10 cm in diameter 
and 12 cm high.


in that device. The one we are describing is very cheap 
and can be easily constructed in a classroom. It re-
quires only a piece of PVC tube and a piece of mirror 
foil, which cost only a few dollars.
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obere Hohlspiegel hat zentral ein Loch von sechs Zentime-
tern Durchmesser. Befindet sich in der Mitte des unteren
Spiegels ein kleiner Gegenstand von nicht mehr als etwa ei-
nem Zentimeter Größe, so erscheint er bei optimal schrä-
gem Einblick als dreidimensionales, reelles und seitenrich-
tiges Bild genau in der Öffnung des oberen Spiegels. Das
Loch selbst verhält sich wie ein Spiegel. Das Schweinchen
in Abbildung 1 spiegelt sich darin. Nähert man dem Loch
eine Fingerspitze, spiegelt sie sich darin: Man kann mit dem
Finger durch den imaginären Spiegel hindurchstoßen. Es
spiegelt sich sozusagen Etwas an Nichts.


Entdeckung per Zufall
Die Entdeckung eines solchen Zauberspiegels geschah –
wie nicht selten – durch puren Zufall. Etwa 1970 säuberte
der Angestellte Caliste Landry ein Labor in Santa Barbara in
der Universität von Kalifornien und stieß dabei auf einige
sehr große Hohlspiegel von Suchscheinwerfern. Sie lagen
zufällig so wie beim Zauberspiegel Mirage aufeinander.
Landry wollte den Staub in der Öffnung des einen Spiegels
wegwischen – da war aber nichts. Sofort benachrichtigte er
den Physikprofessor Virgil Elings über den verblüffenden Ef-
fekt. Beide zusammen patentierten dann 1972 diese Ent-
deckung [1]. Im gleichen Jahr kaufte Virgil Elings seinem
Patentkollegen alle Rechte ab und verkaufte sie 1977 wei-
ter an die amerikanische Firma Optigone, die seither das
Original herstellt. Sie hat auch ein Modell „Giant Mirage“ mit
einem Durchmesser von 56 cm im Angebot. Da das Patent
mittlerweile ausgelaufen ist, sind jetzt Nachbauten auf dem
Markt, bei denen die Krümmung der Spiegel nicht immer
ausreichend gleichmäßig ist,wodurch Verzerrungen bei den
optischen Erscheinungen auftreten.


Eine Fata Morgana ist eine optische Illusion. Versucht
man, sich ihr zu nähern, so wandert sie scheinbar weg


oder verschwindet ganz. Bei dem Zauberspiegel Mirage ist
es noch schlimmer: Deutlich sieht man zum Greifen nah
und dreidimensional einen Gegenstand – und kann ihn
doch nicht anfassen. Dieser Illusion kann man sich selbst
mit dem Wissen um ihr Zustandekommen nicht entziehen.


Dieses Verwirrspiel erzeugt ein Zauberspiegel, Mirage
genannt. Er besteht aus zwei gleichen, annähernd parabo-
lischen Hohlspiegeln, die mit der Öffnung aufeinander lie-
gen. Die kommerziell erhältlichen Spiegel haben üblicher-
weise einen Durchmesser von 23 cm (Abbildung 1). Der


Spielwiese


Das Bild vom Bild – 
der Zauberspiegel Mirage
CHRISTIAN UCKE


Ein Griff ins Leere, wo man etwas deutlich
sieht – das verblüfft schon. Möglich macht
das eine einfache optische Konstruktion, die
aus zwei parabolischen Hohlspiegeln zusam-
mengesetzt ist. Damit entsteht das reelle Bild
eines Gegenstandes, das man auf den ersten
Blick nicht von der Wirklichkeit unterscheiden
kann.


Abb. 1 Der Zauberspiegel Mirage besteht aus zwei gleich
großen Hohlspiegeln. Nur in der linken Abbildung, in der die
beiden Hälften aufgeklappt sind, sieht man das reale
Schweinchen im Hohlspiegel. Bei den beiden anderen Abbil-
dungen handelt es sich um das reelle Bild der Figur.
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Die Erklärung dieser optischen Illusion macht man sich
an Hand einiger Überlegungen zum Strahlengang in Hohl-
spiegeln klar. Die mir bekannten Modelle von Hohlspiegeln
haben übrigens weder eine eindeutig parabolische, noch
eine eindeutig sphärische Form, sondern liegen irgendwo
dazwischen. Der prinzipielle Unterschied zwischen beiden
Formen liegt darin,dass ein parabolischer Hohlspiegel einen
exakten Brennpunkt für ein Parallelstrahlenbündel hat,
während ein sphärischer Hohlspiegel eine so genannte


Kaustik aufweist: Ein Parallelstrahlenbündel vereinigt sich
nicht genau in einem Punkt. Für die Illusion ist das praktisch
nicht von Bedeutung, da eine optische Verzerrung der für
die Abbildung verwendeten kleinen Gegenstände kaum
sichtbar ist. Die folgenden optischen Konstruktionen be-
ziehen sich auf einen parabolisch geformten Hohlspiegel,
lassen sich aber ohne wesentliche Änderungen auf sphäri-
sche übertragen.


Die Hohlspiegel liegen so aufeinander, dass sich die
Brennpunkte beider Spiegel jeweils gerade im Scheitel 
des gegenüberliegenden Spiegels befinden. Vom Punkt P
(Brennpunkt F1 des Spiegels 1) ausgehende Strahlen werden
deshalb am Spiegel 1 parallel reflektiert und dann am 
Spiegel 2 in den Brennpunkt F2 des Spiegels 2 fokussiert
(Abbildung 2). Dort entsteht deswegen ein reelles Bild ei-
nes Gegenstandes, der sich im Punkt P befindet.


Da beim Punkt P jedoch außerdem ein virtuelles Bild
des Gegenstandes am Spiegel 2 entsteht (Abbildung 3), er-
gibt sich zusätzlich ein reelles Bild des virtuellen Bildes. Das
Schweinchen scheint auf einem Spiegel zu stehen. Die re-
ellen Bilder sind aufgrund der Mehrfachreflexion in den
Spiegeln kontrastschwächer als die Originale.


Aus dem Strahlengang in den Hohlspiegeln ergibt sich
außerdem, dass die Illusion nur unter gewissen Winkeln
sichtbar ist. Bei zu steilem Hineinblicken in das Loch er-
kennt man nur das Original, bei zu flachem Einblick sieht
man nur eine Spiegelfläche (Abbildung 4). In einem sehr
schmalen Winkelbereich relativ nah am Loch sind Illusion
und Original gleichzeitig (beispielsweise in Punkt Q) er-
kennbar. Je nach Objektgröße können die eingezeichneten
Winkelbereiche noch schmaler sein.


Geometrische Optik am Zauberspiegel
Mit der grundlegenden Formel (1) für die Abbildung an
sphärischen Hohlspiegeln lassen sich einfache Berechnun-
gen durchführen, die zu überraschenden Resultaten führen
[2, 3].


A B B .  2 | S T R A H L E N G A N G A B B .  3 | M E H R E R E  B I L D E R A B B .  4 | B L I C K W I N K E L  


Strahlengang in den Hohlspiegeln Reelle und virtuelle Bilder an den Die Illusion ist nur unter gewissen 
mit Brennweite f. Hohlspiegeln. Blickwinkeln sichtbar.


A B B .  5 | O P T I S C H E  A B B I L D U N G


Berechnung der optischen Abbildung. Hierin sind M1 und M2


die Krümmungsmittelpunkte der Spiegel, F1 und F2 Brenn-
punkte, r der Krümmungsradius und t der Abstand der
Scheitelpunkte der Spiegel.
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In ihr bedeuten s die Gegenstandsweite, s' die Bildweite, f
die Brennweite und r der Krümmungsradius des Spiegels:


(1)


Ein reelles Bild im Loch des oberen Spiegels kann grundsätz-
lich nur durch eine gerade Anzahl von Reflexionen an den
Spiegeln entstehen. Betrachten wir zunächst nur zwei Re-
flexionen (Abbildung 5). Ein Gegenstand G erzeugt am
Hohlspiegel 1 ein reelles Bild B1, das aber nicht realisiert
wird, weil Spiegel 2 im Weg ist. Da der Abstand t der Spie-
gel gleich der Gegenstandsweite s ist, gilt 


(2)


Damit ergibt sich  s' = tr/(2t – r).
Das Bild B1 ist der „Gegenstand“ für die nächste Refle-


xion an Spiegel 2. Wir substituieren s = t – s' und benutzen
wieder Formel (1) 


(3)


Daraus folgt  s'' = 2tr(t – r)/(r2 – 6tr + 4t2).
Das Bild B2 befindet sich genau dann im Loch des ersten


Spiegels, wenn s'' = t ist. Damit ergibt sich eine Bestim-
mungsgleichung für den Abstand t:


4t2 – 8rt + 3r2 = 0. (4)


Diese quadratische Gleichung liefert zwei Lösungen:
t1 = 0,5r und t2 = 1,5r.


Die erste Lösung stellt den schon diskutierten Fall dar,
dass das Loch des Spiegels 1 genau im Brennpunkt des Spie-
gels 2 liegt. Die zweite Lösung ist jedoch überraschend. Be-
finden sich die Spiegel im dreifachen Abstand der Brenn-
weite (Abbildung 6), so ergibt sich ebenfalls ein reelles Bild.
Dieses lässt sich auch tatsächlich – mit etwas Aufwand – be-
obachten. Man muss den oberen Spiegel nur vorsichtig bis
zu dem gegebenen Abstand hochheben. Dabei sollte man
seitlich einfallendes Streulicht möglichst vermeiden, da das
Bild sonst kontrastschwach wird.


Noch überraschender ist jedoch, dass man beim Hoch-
heben des oberen Spiegels noch viele weitere reelle Bilder
sieht. Diese entstehen beispielsweise durch vierfache Re-
flexion. Mit der gleichen Vorgehensweise wie oben lassen
sich die entsprechenden Abstände der Spiegel berechnen.
Allerdings wird das Verfahren schnell unübersichtlich und
führt im Weiteren zu Polynomen höherer Ordnung,die dann
keine geschlossene Lösung mehr ermöglichen.


Mit geeigneten Spiegeln von Autoscheinwerfern oder
Ähnlichem lässt sich der Doppelspiegel auch selbst bauen.


Zusammenfassung 
Der Zauberspiegel, Mirage genannt, besteht aus zwei glei-
chen, annähernd parabolischen Hohlspiegeln. Diese liegen
mit der Öffnung aufeinander. Der obere Spiegel hat ein zen-
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trales Loch, in dem zwei reelle Bilder eines Gegenstandes er-
scheinen, die man auf den ersten Blick nicht von der Wirk-
lichkeit unterscheiden kann. Der Gegenstand selbst befindet
sich am Boden des unteren Spiegels. Mit den Gesetzen der
geometrischen Optik lässt sich dieses Phänomen erklären.  


Stichworte
Zauberspiegel, Mirage, geometrische Optik, optische Täu-
schung.
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Auch im dreifa-
chen Abstand der
Spiegel ist ein
reelles Bild zu
beobachten.
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