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Phase Retrieval with Transverse Translations 
for X-ray and Optical Wavefront Sensing
Manuel Guizar-Sicairos, Gregory R. Brady and James R. Fienup

Phase retrieval has a breadth of ap-
plications that range throughout 

the electromagnetic spectrum. It allows 
recovery of a coherent fi eld from inten-
sity measurements without the need 
for a reference beam or any additional 
optical components, thus dramatically 
relaxing the experimental requirements 
at the cost of increased computations. 

Introducing diversity, by taking 
additional measurements after modify-
ing the beam in a known way, sig-
nifi cantly increases the success rate of 
phase retrieval and makes it very robust 
to stagnation, ambiguities and noise. 
Faulkner and Rodenburg introduced 
diversity for X-ray coherent lensless 
imaging by transversely moving the 
sample of interest relative to the beam 
and measuring the resulting diff raction 
patterns.1 Further developments have 
shown substantial success.2

We have recently shown that this 
technique can also be used for in situ 
X-ray beam characterization.3 A movable 
phase structure perturbs the X-ray beam 
close to its focus, generating diff erent 
diff raction patterns for each position of 
the structure. � e reconstruction algo-
rithm seeks to fi nd a single incident beam 
that can reproduce all the measured 
diff raction patterns, thus obtaining 
the phase and amplitude of the beam. 
It can also simultaneously refi ne the 
initial knowledge of the structure and 
its positions,4 yielding improved results. 
Furthermore, the resolution does not 
depend on the size of the structure or 
magnitude of the translations, allowing a 
relatively large structure to be used away 
from the focus of the beam. � is is an 
increasingly important capability as X-
ray foci are reduced to a few nanometers.

We have also demonstrated that 
transverse translation diversity can 
be used to extend the range of phase 
retrieval for precision optical metrology,5 

where we avoid the careful and costly 
characterization of an interferometer 
in order to correct systematic errors. 
Ordinarily the detector pixel sampling 
restricts the maximum numerical ap-
erture (NA) that can be measured, but 
a moveable aperture in the path of the 
beam reduces the NA of the individual 
measurements, and the overlap of dif-
ferent aperture positions provides the 
required diversity for the reconstruc-
tion without needing focus diversity. In 
this manner, the range of NA for phase 
retrieval is greatly extended. Stitching 
problems are avoided, since the algo-
rithm fi nds a single underlying wave-
front that reproduces all the measure-
ments. Our wavefront measurement was 
repeatable to within 0.01 waves RMS 

Experimental setup for X-ray beam measurement3 (above) and optical wavefront measure-
ment5 (below) using transverse-translation-diverse phase retrieval.
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from completely independent data and 
aperture positions.5 
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Digital Holography Enables Quantitative 
Phase Evaluation during Cellular Microsurgery
Lingfeng Yu, Samarendra Mohanty, Zhongping Chen 
and Michael W. Berns

L aser scissors have become an impor-
tant tool that allow cell biologists 

to alter cellular structures in order to 
study their structure-function relation-
ship.1 Because it is diffi  cult to visualize 
transparent specimens being manipu-
lated by a microbeam with conventional 
bright-fi eld microscopy, phase-contrast 
or diff erential-interference-contrast mi-
croscopy is most widely used. However, 
the phase-to-amplitude conversion is 
nonlinear, and, therefore, quantitative 
phase imaging is not feasible with these 
techniques. 

Earlier, we developed a quantitative 
phase laser microsurgery system using 
short-coherence interference micros-
copy.2 Unlike phase-shifting interferom-
etry,2 digital holographic microscopy can 
be performed in real time, and it allows 
one to determine dynamic changes in 
the optical thickness profi le of a trans-
parent object with sub-wavelength 
accuracy.3 In order to evaluate quanti-
tative high speed phase measurement 
of sub-cellular changes due to laser 
micro-irradiation, we incorporated digi-
tal holographic microscopy on a laser 
microbeam system.4 

We recorded a hologram that consists 
of the interference between the object 
and reference beams using a CCD cam-
era. � en we numerically reconstructed 
the holographic image using the results 
of diff raction theory. Calculation of 
the complex optical fi eld allowed direct 
access of both amplitude and phase 
information about the optical fi eld, and, 
by numerical focusing, the images could 
be obtained at any distance from a single 
recorded hologram. 

Another advantage of digital holog-
raphy is that it allows numerous digital 
processing techniques for manipulating 
the optical fi eld information in ways that 
are diffi  cult or impossible in real-space 
processing. For example, optical system 

aberration can be numerically corrected 
and multi-wavelength interferometry 
can be accomplished with precise control 
of the reconstruction wavelengths. 

For our experiments, we used the 
micro-focused 532-nm green laser beam 
from a nanosecond Nd:YVO4 laser as 
laser scissors. At the same time, we split 
the red light from a 675-nm laser diode 
into a Mach-Zehnder interferometer for 
digital holography. We then directed 
two red beams through the object and 
reference arms toward a CCD cam-
era. A 20X objective was placed in the 
reference arm of the interferometer. � e 
curvature of the interference fringes was 
digitally compensated and controlled via 
software. A slight angle was introduced 
between the object and reference beams 
for off -axis holography. 

Quantitative phase imaging by digital 
holographic microscopy provided high 
spatial as well as temporal resolution to 
dynamic changes in cell thickness. In 

Time-lapse quantitative phase maps of red blood cells during laser microirradiation (n=1.43 
assumed for crenate RBCs). (b) Bright-� eld images of PTK2 cell nucleolus before, during 
and after laser micro-dissection. (c) Time-lapse sequence of quantitative phase images 
during laser micro-irradiation of the nucleolus. Scale bar: 10 m.

(a)

(b)

(c) Laser on

dynamic phase imaging during microsur-
gery of red blood cells, the damage to the 
cell membrane was not uniform, owing 
to the non-uniformity in spot-scanning. 
A quantitative phase laser micro-irradia-
tion system was even capable of evaluat-
ing dynamic changes in the sub-cellular 
structure (nucleolus) of a cell. When 
the nucleolus was irradiated by the laser 
microbeam, one could observe a change 
in phase (in radians). Label-free digital 
holographic microscopy may enable 
scientists to better study damage to cel-
lular structures, including the nucleus, 
chromosomes and even DNA. 
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