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A new phase contrast microscopy technique for halo reduction is proposed. This technique is based on an 
apodization method combined with the Zernike phase contrast method. Although it has been a diflicult 
theoretical problem, the proposed technique achieves halo reduction by considering angles of diffraction and 
phase differences. The technique utilizes an apodized phase plate consisting of a quarter wave phase shift 
ring with a 250/0 transmittance, and a pair of adjacent rings, which have 500/0 transmittance. This element is 
placed at the back focal plane of the objective. The result is startling, halo reduced images of phase objects 

providing enhanced inner details. 
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1. Introduction 

Phase objects are those objects that only alter the 
phase of incident light but not its amplitude, for example, 

transparent objects without color or absorption. These 
objects are ordinarily not observed directly in the image. 

The phase contrast microscope, or the phase contrast 
method, was invented by Zernike in 1935. Through a 
phase contrast microscope, we can observe phase objects 
directly in the form of contrast differences. 

The phase contrast method is based on the superposi-
tion of diffracted and direct light. If the phase shift in-

duced by the phase object is small, then the sum of the 
diffracted light is retarded in phase by approximately one 
quarter relative to the undiffracted, or direct, Iight. In the 

phase contrast method, image contrast is achieved by 
adding or subtracting a quarter wave shift to the direct 
light through means of a phase plate placed at the con-
jugate of the illuminating aperture. On the image plane, 
an interference pattern results with an intensity pattern 
that is proportional to the phase shift caused by the 
phase object. To further enhance the contrast, the phase 

plate may also include an absorber in the region 
traversed by the direct light. This method is described in 

fe ences 1-3) many re r . 
The phase contrast microscope, however, has some 

problems with its image quality. One is the so called 
'halo' effect. This effect causes spurious bright areas 
around phase objects or reverse contrast images. This 
effect is especially prevalent around those objects that 
induce large phase shifts. Reducing the halo effect was 
thought to be a dif~cult theoretical problem.4) 

This letter describes a new method for halo reduction. 
It utilizes a novel apodized phase plate developed for this 

purpose. This method allows for viewing much finer de-
tails of phase objects, specifically inner biological cells 

with large phase differences, than would be possible with 
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an ordinary phase contrast objective. Figures 1(a) 
and 1(b) are, respectively, a picture obtained using this 

new method and one obtained using the ordinary phase 
contrast method. We can distinguish halo reduction and 
inner cell details in the result shown in Fig. 1(a). 

2. Theory and Experiment 

Most phase objects, especially biological cells, have a 
constant refractive index ranging from n = I .36 to I .37 at 
a wavelength of 546 nm.5) For such phase objects, the 
phase difference depends on the size of the object. 
Assuming a spherical object, the maximum phase dif-
ference 6 and the diameter d are related by: 

6 = (27c / A)(n ' - n)d , (1) 
where A is a wavelength of light in vacuum, n' is refrac-
tive index of the phase object, and n is refractive index of 

the media. This equation shows that a larger diameter d 
introduces a larger phase difference 6 to the illuminating 

wavefront under the assumption of constant refractive 
indices. 

Now let us consider the diffraction pattern caused by a 
circular aperture of diameter d. For simplicity let us as-
sume that the angle of diffraction e is defined by the first 

minimum of the Airy disk, which is given by: 

sin e= 0.61A /(nd ). (2) 
Substitution of Eq. (1) into Eq. (2) gives: 

sin e = (27c IA)(n' - n)0.61A / (n6) 

= 27r(n' - n)O .6 1 / (n6 ). (3) 

If the angle e is small, then there is an inversely propor-

tional relationship between the angle of diffraction e and 
the phase difference 6. 

Next, Iet us consider the illuminating wavefront. If the 

illuminating wavefront is a uniform plane wave, then we 
can write the incident wavefront, co, and the wavefront 
after passing through a phase object, c1' with the 
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Fig. I . Photographic images of cultured human liver cells through an inverted microscope using two types of phase plate, (a) apodized type, 

(b) conventional DL type, in 20 x objective N.A. = 0.4. 

following equations: 

co = sin co t, (4) 
c1 = sin (co t+ 6), (5) 

where co is the angular frequency of the illuminating 
wavefront, t is time, and 6 is the relative phase difference 

induced in the wavefront by passing through the phase 
obj ect (relative to the wavefront that passes through the 
surrounding media). If the difference 6 is small relative 

to one then we may write: 

c1 = sin (co t+ 6) 

- sin cot+ 6 cos cot. (6) 
The first term is the same as the incident light wave co, 

and represents the undiffracted or direct light. There-
fore, the second term shows the sum of the diffracted 
light. The diffracted light has a quarter wave phase differ-

ence with respect to the direct light, and an amplitude 
that is proportional to the phase difference caused by the 
phase object. If we now add (or subtract) a quarter wave 
from the direct portion of the light through use of an 
appropriate zonal phase shift plate located at a position 
conjugate to the illuminating aperture, we can rewrite 
Eq. (6) as: 

c1 = (1 + 6) cos co t, (7) 
or, squaring Eq. (7) to get the intensity and integrating 
out the time dependency: 

I = (1 + 6 )2 (8) 
where I is the intensity pattern in the image field. It is 
proportional to (1+6)2 since the integral of the cos2 is 

some kind of constant. Now, the relationships between 
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Fig. 2. Angle of dif~raction as a function of object size. The angle 
of dif~raction caused by a large object is smaller than the angle 
caused by a small object. (a): Almost all dif~racted light enters the 
absorbent part of the phase plate. (b): Most of dif~racted light enters 

the transparent part. 
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Fig. 3. Top view of phase plates, (a) new apodized phase plate, (b) conventional DL type. 
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Schematic of the phase contrast microscope. 

the angle of difliraction, the amplitude of the diffracted 
light, and the phase difference have been given by Eq. (3) 

and Eq. (6). 

Examining Eq. (8), we can see that the intensity of 
light in the image field is proportional to the sum of the 
amplitude of the diffracted light (which varies with field 
position) and the amplitude of the direct light (which is 
constant across the field). To improve contrast, there-
fore, the direct light can be weakened through the use of 
a selective amplitude filter located on the phase plate. 
Therefore, for the case of annular illumination, the 
image contrast is determined by the difference between 
the transmittance of the annular rings for the direct light 
and the diffracted light. 

Figure 2 shows the principle of the apodized phase con-
trast method. It shows diffracted light from two phase ob-
jects of different sizes. The apodization method is known 

for the improvement of images, which is based on the 
method of partial absorption of direct light at the aper-
ture of optical instruments, reducing side-robes or side-
rings of the diffraction-1imited patterns.6~8) Applying this 

method to the phase contrast technique, we can control 
the intensity according to phase differences. 

To confirm these expectation, an apodized phase plate 
shown in Fig. 3(a) was created. Its structure is the follow-

ing: part (A), a quarter wave advancing phase shift ring 
for the direct light which has a transmittance of 250/0; 
part (B), a pair of adjacent rings on either side of part (A) 

which have transmittances of 500/0 . These values are in 
keeping with the transmittances of ordinary phase con-
trast microscopes. Further, the width of part (B) can be 

calculated by the angle of diffraction e. Assuming a 10 
pm diameter object-a typical value for biological cells, 
then from Eq. (2) the angle of diffraction O is calculated 

as 0.034 rad. 
In Fig. 3(b), the conventional phase plate is shown. 

The width of part (A) of this conventional plate is the 
same width as that of part (A) of the apodized phase 
plate. These phase plates are set at the back focal plane 
of the objective. This position is also conjugate to the 
plane of the ring aperture of the illumination system. 
This configuration is shown in Fig. 4. 

These experiments were performed under the follow-
ing conditions: an inverted microscope TE300 was used 
with a 12 V, 100 W halogen lamp, a neutral color balance 

filter NCB11, a condenser lens LWD (N.A.=0.52, 
O.D.=30), a ring aperture Ph-1, objective lenses CFI 
Achromat LWD DL 20XF (magnification 20 X , 
N.A.=0.4), a projection lens PLI 2.5X (magnification 
2.5 x ) for photographs, and a photographic camera H-3 
(Nikon, Tokyo, Japan). Photos were taken with 
Fujichrome Sensia 11 35 mm color film and were printed 
directly (Fuji film, Tokyo, Japan). Specimens were cul-
tured human liver cells in a culture bottle. 

3. Experimental Result and Discussion 

Improved images have been obtained which have 
reduced halos with high contrast details in the phase ob-
jects. Comparing two types of phase plate, see Figs. 1(a) 
and 1(b), nucleoli can be seen with dark contrast on the 

picture obtained by the proposed method. On the con-
trary, in the conventional dark contrast low (DL) type, 
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they can be seen as bright parts. The contrast is reversed 

because the amplitude of the diffracted light is larger 
than that of the direct light. 

In this apodized phase contrast method, the contrast of 

a phase object image can be altered by changing the 
transmittance of the annular zones of the phase plate 
denoted by part (A) and part (B). In a large size object, 

which has a diameter over 10pm, almost all the dif-
fracted light passes through part (B). The contrast is 
determined by the transmittance of part (A) and that of 
part (B). On the contrary, for a small sized object, under 
10 pm in diameter, the angle of diffraction is so large as 
to pass beyond part (B). If the transmittance of part (B) is 
smaller than 500/0 in this configuration, a weak contrast 

of the large object will be gained. If part (B) is made to 

have a gradient transmittance, then the contrast of the 
image can be controlled for a large variety of the object 
sizes. 

4. Conclusions 

A halo reduction method has been developed. Utilizing 
an apodized phase plate in a phase contrast microscope, 
the contrast of images can be controlled. Although halo 
reduction was difiicult theoretically using an ordinary 
phase plate, the new apodized phase contrast method pro-
vides reduced halo images of phase objects. The relation 
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between angles of dif~iraction and phase differences of 
phase objects is explained by simple theory. Through 
this success of halo reduction in phase object images, we 
will be able to observe small phase differences in phase 
obj ects . 
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