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The ZaP Flow Z-Pinch experiment at the University of Washington investigates the use of sheared
axial flow to stabilize a Z-pinch plasma. A variety of diagnostics characterize the plasma. In the
past, holographic interferometry (HI) has measured radial electron density profiles at a fixed axial
location. As the ZaP experiment prepares to re-focus itself as a high energy density plasma exper-
iment, a redesign of the HI system is underway. The existing HI system relies on holographic film
to record interferograms to measure density profiles. The use of film mandates time-consuming de-
velopment and reconstruction procedures. The new digital HI system will employ a complementary
metal-oxide-semiconductor (CMOS) camera and numerical reconstruction techniques to eliminate
physical postprocessing, providing operators with electron density data between each plasma pulse.
Additionally, a new traverser will allow operators to easily change the axial measurement location.

I. INTRODUCTION

This paper outlines the preliminary design of a digi-
tal holographic interferometer (DHI), which will measure
electron density profiles on the ZaP Flow Z-Pinch. DHI
captures electron density measurements with high spatial
resolution in radial and axial directions, and it allows for
fast post-processing to generate density profiles between
each plasma pulse. Measuring ZaP’s density is important
because it allows for comparison between the experimen-
tal Z-pinch and theoretical predictions, which gives in-
sight into how a shear-flow stabilized Z-pinch could scale
to a fusion reactor.

DHI operates by measuring a phase shift caused by a
plasma’s electron density. Electron density affects the
plasma’s refractive index, so a laser passed through a
plasma (scene beam) will be phase shifted with respect
to a laser passed through air (reference beam). The mea-
sured shift between beams relates to the line-integrated
electron density as follows when the critical plasma den-
sity is much greater than the electron density [3].
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II. THEORY OF HOLOGRAPHY

During hologram recording, holographic film or a dig-
ital camera placed at the hologram plane records an in-
terferogram generated by the superimposed scene and
reference beams (see Figure 1 for an illustration of the
holography planes and coordinate systems). Using this
process, holography records both intensity and phase in-
formation about the incident wavefront, which can be
extracted with physical or numerical reconstruction.

During physical reconstruction, the developed holo-
graphic film is placed at the hologram plane, and the
reference beam used during recording shines on the in-
terferogram. The effect of the reference beam diffracting
through the interferogram produces a distorted real im-

FIG. 1: Three planes, each with its own coordinate system,
are used to describe the recording and reconstruction of holo-
graphic images. Positioning the plasma between the object
and hologram planes allows DHI to measure its entire phase
shifting effect.

age in the image plane and a virtual image in the object
plane. The images produced are of the recorded wave-
front a distance d from the hologram plane. In physi-
cal reconstruction, the observer’s distance from the holo-
gram plane sets distance d. Because physical reconstruc-
tion can only reconstruct intensity distributions, refer-
ence fringes have been introduced in the past to enable
phase shift measurements [2].

Conversely, numerical reconstruction can obtain both
intensity and phase distributions directly from the
recorded interferogram. Numerical reconstruction sim-
ulates the diffraction of the reference beam through the
interferogram onto the object plane by using the Fresnel-
Kirchoff integral, which generates a complex amplitude
function, Γ(ξ, η) [4].
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The Fresnel-Kirchoff integral is a convolution of a
transmittance function, U(x, y), and a source function
of a spherical wavelet. The integral is equivalent to sum-
ming in the object plane the effect of all Huygen wavelets
generated at the hologram plane. Applying the convolu-
tion theorem to the Fresnel-Kirchoff integral rewrites the
complex amplitude in terms of Fourier transforms.

Γ(ξ, η) = F−1 {F(U(x, y)) · F(g(x, y, ξ, η, d))}

This form allows for easy numerical implementation as
fast Fourier transform (FFT) algorithms are widely avail-
able. Note that the wavelet source function and the con-
stant in front of the convolution have been combined into
the function g(x, y, ξ, η, d). The digital camera’s spatial
resolution and the user-selected distance d define g when
written in its discrete form. The point-spread function,
U(x, y), is the intensity distribution of the interferogram
recorded on the digital camera.

Once the complex amplitude is known, the phase dis-
tribution can be computed, and the electron density pro-
file can be calculated. Distributions of hologram inten-
sity, I(ξ, η), and phase, ∆φ(ξ, η), are written from the
complex amplitude as follows.

I(ξ, η) = |Γ(ξ, η)|2

∆φ(ξ, η) = tan−1
(
Im(Γ(ξ, η))

Re(Γ(ξ, η))

)
In numerical reconstruction, d can be changed as a

parameter in the algorithm. By selecting d for the recon-
struction such that the entire plasma is between the holo-
gram and object planes, the entire phase shifting effect
of the plasma is reconstructed in the phase distribution.

The phase distribution found for each shot is the phase
shift between the scene and reference beams. If a base-
line shot is taken, it can be subtracted from each plasma
shot to remove effects of windows and optics that are
consistent across shots.

III. EXPERIMENTAL SET-UP

ZaP’s DHI system will employ a Korad K-1 ruby laser
operating in pulsed mode and a Canon Rebel T2i (D550)
18.0 mega pixel digital camera. The ruby laser provides
0.6 Joules of energy in a 50 nanosecond pulse, which will
define the camera’s exposure time. The camera utilizes a
complementary metal oxide semiconductor (CMOS) sen-
sor for recording, and neutral density filters affixed to the
camera will reduce the intensity of the laser beams down
ten orders of magnitude to the intensity of ambient room
light.

To accommodate the spatial resolution limitations of
the CMOS sensor, an on-axis (in-line) interferometer set-
up will be employed (see Figure 2), which realigns the

FIG. 2: On-axis holographic interferometer set-up with refer-
ence beam (blue) and scene beam (red) shown.

scene and reference beams before they strike the CMOS
sensor. Closer alignment between the beams leads to
larger fringes in the resulting interference pattern, which
means the CMOS sensor can resolve more detail in the
pattern.

Given at least 1 m of free space around the experi-
ment to align the beams, alignment to within 0.1 degrees
should be possible. Considering the CMOS sensor’s spa-
tial resolution as the limit on the phase-shift resolving
power, this DHI system should be able to resolve a min-
imum line-integrated density of roughly 7.6 × 1019 m−2

and a maximum of 1.2 × 1023 m−2. This should be suf-
ficient to resolve ZaP’s density as past line-integrated
densities have fallen in the range of 1021-1022 m−2. Spa-
tial resolution of the density profiles should provide one
data point of line-integrated density roughly every 0.1
mm across the Z-pinch.

In analyzing the resolving ability of the DHI system,
care was taken to account for the Bayer array of color
filters the CMOS sensor uses to detect red, blue, and
green light intensities. In a Bayer array, each two by two
square of pixels contains one red, one blue, and two green
filters. Because the ruby laser provides red light, only the
red-filtered pixels were assumed to detect laser intensity.

Presently, the optics for the DHI system are being pre-
pared to test the system with a candle flame instead of
a plasma. Interferograms measured with this test set-
up will enable further development of a numerical recon-
struction code.

IV. IMPLEMENTING NUMERICAL
RECONSTRUCTION

A reconstruction code developed in Python has
achieved promising initial results when tested with syn-
thetic input and compared to literature. The code uti-
lizes the numpy, scipy, and pylab site-packages to com-
plete the numerical reconstruction and display the result-
ing intensity and phase distributions.

Figure 3, an example of synthetic interferogram input
and its reconstructed phase distribution for ZaP’s code
compares favorably to the code developed by Grilli et
al [1]. Simulating the interferograms caused by a convex
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FIG. 3: Synthetic interferogram input to ZaP’s code (a) com-
pared to synthetic input to code developed by Grilli et al [1]
(b). Reconstructed phase distributions for d = 0.18 meters for
ZaP (c) versus Grilli et al [1] (d). These phase distributions
are phase-wrapped in the interval [-π,π]. When measuring
density profiles, 1-D unwrapping will be performed on slices
transverse to the plasma column.

lens focusing light on a camera, both codes reconstructed
phase distributions at a distance d = 0.18 m. The inten-
sity distributions for this case also match well, but they
have been omitted from this paper as the phase is of pri-
mary concern in DHI. Other cases tested by Grilli et al

have also been tested successfully with ZaP’s code.

The code will convert phase distributions obtained
from reconstruction to radial profiles of electron number
density. First, the code will take a slice of the distri-
bution perpendicular to the plasma column and unwrap
the phase information. Next, the phase distribution of
that slice will be converted to line-integrated electron
density. Finally, assuming an axisymmetric pinch, the
code will Abel-invert the chord-integrated distributions
into radial profiles of electron number density. This tech-
nique has been applied in the past on ZaP to approximate
radial profiles with data from a four-chord heterodyne-
quadrature HeNn interferometer and from a film-based
holographic interferometer [2].

V. CONCLUSION AND FUTURE WORK

Progress has been made towards the construction of a
DHI to measure electron density in a flow-shear stabilized
Z-pinch. An optical set-up is partially built to record in-
terferograms and a computer code is being developed to
handle numerical reconstruction. When complete, the
optical set-up will be tested with a candle flame. The
computer code presently works well compared to liter-
ature, but it still needs to be validated for inputs that
represent what we expect to measure with the DHI sys-
tem. When completed, the DHI system should provide
operators with easily obtained electron density profiles.
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