More on phase contrast

In vacuum: In the specimen:
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The wave number in the specimen is not a constant



Phase object approximation

For an increment dz in thickness:
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y(x z+dz)=y(x,z)e ~y(x z)e™ e
Find the net phase change by integrating over the entire thickness T
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Projected Potential

@ @ / projected 2-D potential
A Vi(x.y)

4(—\ CD actual 3-D potential
A } V (x, v, z)
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Vi(x,y)= jzo (x,y,2)-dz



Applying the phase-object approximation

\V(X,T) _ \V(X’ 0) . eZnik.T .eicvt(x)
Final (exit) wave:  y, =y (xT)

2mik-T

Initial (unscattered) wave: Vi =y(x0)-e

Specimen (object) function: ~ F(x)=¢

Wi (X)=F (0,



WPOA

object function:  F (x) =" x1+icV, (x) oV, (x) <1
exit wave:
v ( [1+ ioV, ( )]-\pi =y, +iy_ (x) Vo (X) <y,

Normalize: 1=y, |2 +M " Sy =1

F (X) =y, +ly,, (x)

image function: G (x) =y, +iy (X)-: e“"\
additional phase change

due to objective lens



Phase contrast

F (X) =\ + i\VSC (x)

GOX) =y, +iyg (X)-e™"
1 (X)=1G(X)I°

=1+Iyg (X)°e_ix (yi =1)

=1+ Juer ] + iy (X)€% —i[ys (X)] -e"

| (X) =1-2 Im[\VSC (X)°e_ix]
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Assume W (X) is real:
| (X) =142y, (X)sin(y)



Phase contrast

Phase shifts due to focus of objective lens affect contrast:
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Objective lens provides additional phase shift needed for positive phase contrast



Phase Contrast Example I: a-C

Underfocus-positive phase contrast Overfocus-negative phase contrast
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Contrast Reversal



Phase Contrast Example Il: polystyrene spheres

Underfocus ~ InFocus Overfocus

TR e TR

ontrast Reversa

Other differences, such as "Fresnel fringes" at edges, result from spherical aberration.



Not Pure Phase Objects

Slightly underfocus verfocus




Lattice fringes (two-beam)

Two-beam: F(X)~ {Wo (T)+[W,(T) €77 ]2} . o2 514 ig, -2
(I)g = ‘(I)g ‘ ) ei6 Wsc (x) = d)g @2 = |(|)g | . g(2mex+d) //C0mp|eX
G () =1+i|d,|-e"* oY

L(x)=1-2Im[y (x)-e™]
=1 21m[Jg| &> )
| (X)=1+2|dg|-SIN(27gX + 35— %)

(fringes!)

Fringes shift laterally as focus (y) iIs changed



Lattice fringes (three-beam)

Three-beam (0 and g and -g): F(X) =>1+id, -e*™* +i¢_, -e "%

(I)—g :‘(I)g"e_ia

Yo (X) =y -85 +¢_y -7 = 2|0, |- cos(2ngx +§)

| (x)=1-2Im[yq (x)-e™"]
=1-2Im[2|d,|-cos(2ngx +5)-e7*]
| (X)=1+4|d,|-cos(2ngx +3)-sin(y)

positive phase contrast, y <0

Fringe contrast: 1 no contrast, v =0
negative phase contrast, ¢ <0

No lateral shifting of fringes.



HR lattice image example




