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ABSTRACT

Electroforming replication technology at Marshall Space Flight Center has a long heritage of producing high-
quality full-shell X-ray mirrors for various applications. Nickel alloys are electroformed onto a super-polished
mandrel in the electroforming process, then separated to form the replicated full-shell optic. Various parameters
in the electroplating configuration could result in the nonuniformity of the shell’s thickness. Thickness non-
uniformities primarily occur due to non-uniform electric field distributions in the electroforming tank during the
deposition. Using COMSOL Multiphysics simulations, we have studied the electric field distributions during the
deposition process. Using these studies, we have optimized the electric fields inside the tank using customized
shields and insulating gaskets on the mandrel. These efforts reduced thickness non-uniformity from over 20%
to under 5% percent. Improving the thickness uniformity of the shell aids in better mounting and alignment
of shells in the optics module. Optimization of the electroforming process, in some cases, improved the optical
performance of the shells. COMSOL optimizing of the electroforming process and the experimental results
validating these simulations are presented in this article.
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1. INTRODUCTION

Electroformed replicated technology is a proven technique for fabricating astronomical X-ray optics. The
ability to produce full shell, lightweight, and reliable high-resolution optics has made this technology attractive
for developing high-throughput astronomical X-ray telescopes. NASA Marshall Space Flight Center (MSFC)
has three decades of experience developing grazing incidence X-ray optics through electroformed replication.123

In this approach, electroless-Nickel-coated aluminum mandrels are super-polished to match the desired optics
prescription and the required surface roughness. After placing it in the electroforming tank and growing the
desired thickness Nickel alloy shell, it is carefully separated by cooling the mandrel. We currently use a Nickel
Cobalt (NiCo) alloy for electroforming due to its high tensile strength and Young’s modulus. The inner surface
of the replicated NiCo shell is an exact replica of the polished mandrel surface profile and roughness. A single
mandrel can be reused to replicate multiple shells without significantly degrading the surface quality, making it
a cost-effective technique for producing many mirror shells.

As the total external reflection of X-rays is limited to small graze angles (typically < 1), the effective geometric
area of the optic is scaled down by a factor of the sine of the grazing angle. To increase the effective area, multiple
confocal shells with different diameters and graze angles are arranged concentric to each other. The thickness
of each shell limits this arrangement. The electroforming replication process produces thin, full shells that are
easier to align and mount than segmented-type mirrors. Once the mandrels are polished, replication is relatively
inexpensive, making multiple identical mirror modules on a single observatory beneficial. XMM-Newton4 and
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IXPE5 are two examples of this. Pioneering replication technology over the last couple of decades, MSFC has
produced X-ray optics for balloon flights (HERO67), rocket flights (FOXSI-I,8 FOXSI-II,9 FOXSI-III10) and
orbiting satellites (ART-XC,11 IXPE5). Replication technology has also made high-resolution X-ray/Neutron
imaging optics for the National Ignition Facility (NIF)12 and Neutron imaging optics for the National Institute
of Standards and Technology (NIST).

While replication produces mirrors about two orders of magnitude thinner than those used for the Chan-
dra mirrors,13 they have yet to achieve sub-arcsecond angular resolution. Residual profile errors from mandrel
polishing, electroforming stresses, shell separation stresses, and mounting errors contribute to performance degra-
dation. We continue to investigate improving these processes at various stages of fabrication to meet the angular
resolution requirement for the Lynx mission concept.14 Ensuring shell thickness uniformity is vital for producing
high-quality optics and optimally aligning and mounting shells into mirror module assemblies. Optimization of
the electroforming process, in some cases, even improves the optical performance of the shells. Using COM-
SOL simulations and experimental diagnostic tools, we study and optimize the electric field distribution present
during mirror shell electro-deposition. An overview of the electroforming process is described in Section 2, and
simulation and experimental results are presented in Section 3 and Section 4, respectively.

2. NICKEL-COBALT ELECTROFORMING REPLICATION PROCESS

In the electroforming process, material from the anodes is electrodeposited onto the mandrel, which acts as
a cathode. Unlike traditional electroplating, the mandrel surface is passivated with an oxide layer to reduce
the adhesion of the plated material. We use Nickel (Ni) and Cobalt (Co) anodes to deposit NiCo alloy on the
mandrel. Pure Nickel is a very ductile material showing signs of yielding at low applied stresses. We have observed
that the yield strength of NiCo with an 85 to 15 percent ratio of Ni to Co is much higher and produces stable
shells.2 We use Nickel Sulfamate as an electrolyte whose properties are regulated to have optimal deposition
stress for electroplating. Adhesion control and deposition stress control are vital for successful electroforming.
Low adhesion and compressive deposition stress can lead to premature release of the shell during electroforming
with the risk of damaging the mandrel. Conversely, high adhesion and large tensile deposition stress deform
the shell making it difficult to release from the mandrel.15 Deposition stresses are controlled by regulating the
electrolyte temperature and additive salts to the Nickel Sulphamate electrolyte. Deposition rates, controlled by
the anode current density, are vital in controlling deposition stresses. Figure 1 shows an example of the measured
stress as a function of current density in the electroforming tank.

Figure 1: Deposition stress vs. the applied current density of the electroforming tank. Positive deposition stress
indicates tensile stress, and negative stress represents compressive stress.



The deposited shell thickness is directly proportional to the local current density on the mandrel surface. The
electric field distribution inside the tank depends on the electroforming tank geometry and mandrel dimensions.
In the electroforming tank, several anodes are placed symmetrically around the mandrel to ensure azimuthal
uniformity of the shell’s thickness. The mandrel in the center rotates around its axis throughout the deposition
to improve the thickness uniformity. However, due to finite dimensions and the axial slope of the mandrel, the
thickness of the shell varies axially. Thickness nonuniformity is more prominent near the shell’s ends due to the
mandrel surface’s abrupt discontinuity. Insulating gaskets and shields regulate the local current densities at the
mandrel surface to ensure the uniformity of the axial thickness of the shell. Figure 2 shows the schematic of the
electroforming setup with anodes, mandrels, gaskets, and shields.

Our mandrels consist of parabolic and hyperbolic profiles polished onto a monolithic electroless-NiP-coated
Aluminium cylinder. Precise polishing at the ends of the mandrels is challenging due to the finite size of the
polishing tools. Hence, the axial length of the mandrel on both parabolic and hyperbolic sides is slightly larger
than the intended optic dimensions. This end-cap region on either side of the mandrel, which does not form a
part of the optic, helps obtain good-quality end regions during polishing. End-cap regions are separated from
the optic segment of the mandrels by a small groove (single-piece mandrel) or a detachable block (three-piece
mandrel). During the electroforming process, insulating gaskets are used at the boundaries of the optic and
end-cap region of the mandrel to restrict plating. Insulating shields are used at both ends of the mandrel to
restrict the deposition on the top and bottom sides of the mandrel. Gaskets and shields are primarily used to
define the boundaries of the shell. However, their dimensions can be optimized to regulate the local electric field
distribution for uniform thickness deposition.

Figure 2: Schematic of the electroforming tank.

3. COMSOL SIMULATIONS TO OPTIMIZE THE ELECTROFORMING PROCESS

We use the COMSOL Multiphysics®software package16 to model the electric field inside the tank for a given
geometry and mandrel. COMSOL allows inputting exact tank geometry specifications to calculate the field
distribution. The electric field distribution across the mandrel gives a corresponding distribution of deposition
thicknesses. Depending on the size and shape of the mandrels, the electric field varies axially, resulting in a non-
uniform thickness distribution. Using these simulations, we design optimal dimensions of gaskets and shields to



control the field distribution. As a result, we have observed a significant improvement in the thickness uniformity
of the shells.

3.1 Thickness uniformity at the mirror shell boundaries

The electroformed mandrel experiences higher electric fields near the gaskets, resulting in a greater thickness
near the edge of the optics. Thickness uniformity can be improved by increasing the radial height of the gasket
(GH) above the surface of the mandrel. For a small gasket height of 5 mm, the mirror shell edges are about
19% thicker than the mid-region of the mirror shell. Figure 3 shows the variation in thickness distribution near
the shell edges for different gasket heights. Figure 3 (a) shows the thickness distribution of a cylindrical mirror
shell using a gasket with 5 mm height. The edges look significantly thicker than the rest of the optic. Figure 3
(b) shows the thickness distribution for a larger diameter gasket with GH of 4 cm above the mandrel surface.
Figure 4 shows the axial shell thickness simulation results for various gasket heights. Thickness uniformity at
the edges systematically improves as the gasket height is increased. Increasing the gasket height to 4 cm from 5
mm can reduce axial thickness variation to 3.7 % from 19%.

Figure 3: Thickness distribution of mirror shells for gaskets with different heights. (a) the cylinder mandrel with
GH= 5 mm. (b) The cylindrical mandrel with GH=4 cm.

Figure 4: The axial shell thickness simulation results for various gasket heights. The label indicates gasket
heights and the corresponding percentage of peak-to-valley thickness variation.

3.2 Gasket optimization for large graze angle optics

As the grazing angle of the optics changes, the relative anode-mandrel distance and slope change. This results
in a gradient in the axial thickness of the shell. This effect is more pronounced for the short focal length optics



whose graze angles are noticeably large. The diameters of the mandrel’s top and bottom ends are significantly
different for large graze angles. Figure 5 shows the axial thickness variation for three different mandrel geometries
with varied graze angles. For this simulation, we considered a gasket height of 4 cm to minimize the edge thickness
variation. Axial thickness variation increases with the grazing angle of the mandrel. Unlike with small height
gaskets, the thickness variation trend is distributed across the axial length of the mandrel. The larger diameter
end of the mandrel experiences a higher deposition rate. For a cylindrical mandrel, the axial thickness variation
with large gaskets is about 3.7% and looks much flatter across the axial length of the optic. This value significantly
increases to 12.3 % for a mandrel with a 3o graze angle.

Figure 5: Axial thickness variation for three different mandrels with different graze angles.

The thickness uniformity of the shell with large grazing angles can be improved by using different gasket
dimensions for each end of the mandrel. For example, the 3o graze angle mandrel experiences relatively smaller
electric fields on the smaller end of the optic. Optimally reducing the GH on the smaller end increases the electric
field to negate this effect. Fixing the GH on the larger end and gradually reducing the GH on the smaller end
yields a more uniform thickness distribution. However, if GH is reduced to below the optimal value, the field
increases, resulting in much thicker ends. Figure 6 (a) shows the axial thickness distribution for a mandrel with
3o graze angle for various gasket configurations. The gasket height on the larger end (GH1) is fixed at 4 cm in
all cases, while the gasket height on the smaller end (GH2) of the optic is varied for different cases. The optimal
configuration with GH2 of 1.5 cm yields about 5.6% thickness variation measured from peak to valley. However,
further reducing GH2 to 1 cm above the surface increases the thickness at the smaller end beyond the desired
value, resulting in 10.4% variation. Figure 6 (b) shows the schematic of the optimal gasket configuration for a
mandrel with a large graze angle.

3.3 Gaskets for single-piece mandrels

Gaskets with large heights, called flat gaskets, are often used with three-piece mandrels. In a three-piece
mandrel, the end caps can be detached from the optics portion with the help of screws. Hence, inserting a large
flat gasket between the three different parts of the mandrel is easy. However, for a single-piece mandrel, the
end caps are part of the primary structure and are separated from the shell-forming region of the mandrel by a
machined groove that the gasket sits in. Currently, the groove depth limits the maximum usable GH to 5 mm,
resulting in thickness non-uniformity at the edges of the replicated mirror shell.

To maintain the thickness uniformity near the edges of gaskets with smaller GHs, we place a Copper strip
around the circumference of the gasket to act as a cathode region. This arrangement redirects the excess electric
field from the edges of the forming optics to the gasket. The Copper strip on the gasket gets electroplated, making



Figure 6: Effect of GH optimization on the axial thickness distribution of the mirror shell. (a) Axial thickness
distribution for a mandrel with 3o graze angle for various gasket configurations. GH1 and GH2 are gasket heights
on large and small ends respectively. (b) The schematic of the optimal gasket configuration for a mandrel with
a large graze angle. Using different gasket dimensions on each end improves the thickness uniformity.

the optic edges uniform in thickness. Figure 7 shows the effect of the Copper strip on the thickness uniformity of
the single-piece mandrel. Figure 7 (a) shows the deposited shell thickness near the gasket without a Copper strip.
The optics portion experiences considerable thickness non-uniformity close to the end caps. Figure 7 (b) shows
the thickness distribution with a Copper strip on the gasket. The Copper strip gets electroplated, leaving the
optics portion with uniform edges. Figure 8 shows the axial thickness variation of the optics with and without
the Copper strip on the gasket. Using a Copper strip, thickness uniformity has improved to 7 % from 17 %
otherwise.

Figure 7: Effect of the gasket Copper strip on the shell thickness uniformity of the single-piece mandrel. The
values in the color bar are in microns. (a) Without Cu strip. The optics portion experiences large thickness
variation near the end caps. (b) With Cu strip. The Copper strip gets electroplated, leaving the optics portion
with uniform edges.



Figure 8: The axial thickness variation of the optics with and without the Copper strip on the gasket. Using a
Copper strip, the thickness uniformity has improved to 7 % from 17 %.

3.4 Optimizing shield dimensions for large mandrels

Large diameter gaskets with different GHs on both ends regulates the electric field distribution across the axial
surface of the mandrel. However, gaskets of a few centimeters in height cannot influence the total electric field
across the surface of a large mandrel. For mandrels with axial lengths larger than about 30 cm, the influence of
the gaskets is localized close to the ends. Using extremely large-diameter gaskets of several 10s of centimeters in
diameter is impractical and unsafe. Hence we optimize the shield dimensions to regulate the overall electric fields
of large mandrels. Even though shields are generally placed at the ends of the mandrel after the end caps, the
large shield diameters can influence the field distribution across the mandrel. As the slope on optics makes one
end of the mandrel larger than the other, we use different shield diameters on both ends to counter the effect.
Figure 9 shows the shell thickness variation of a mandrel with an axial length of 60 cm for various combinations
of shield diameters. For this simulation, we have assumed 5 mm diameter gaskets with Copper strips for all the
cases. One end of the optics is significantly thicker when using the same diameters for both shields. However,
by reducing the shield diameter on one side, the thickness can be increased to closely match the other end. The
thickness uniformity is improved to 6.3 % from 8.1 % by changing one of the shields to 56 cm from 76 cm while
maintaining the other at 76 cm. Thickness uniformity decreases when the shield diameters are reduced below
the optimal value.

4. EXPERIMENTAL VALIDATION OF SIMULATION RESULTS

We have replicated several full-shell X-ray optics based on the inputs from these COMSOL simulations.
Optimizing shields and gaskets dimensions has consistently improved the shell thickness uniformity. We replicated
a shell from a small three-piece mandrel using large flat gaskets. The mandrel optical axial length is 6.1 cm.
The maximum and minimum diameters are 4.6 cm and 4.52 cm, respectively. The mandrel has end caps of
3.9 cm on either side of the optic portion making the total length of the mandrel 13.9 cm. For this three-piece
mandrel design, we use flat gaskets having a 2 cm height above the mandrel surface. Figure 10 shows the
picture of the mandrel setup with flat gaskets and shields just after plating. After releasing the mirror shell from
the mandrel through a cold water bath, we measured the axial thickness using a GE CL5 ultrasonic thickness
gauge. The experimental thickness variation is about 2.6 %, which agrees closely with the 2.9 % simulation
result. Figure 11 compares the experimental measurement of the axial thickness profile to COMSOL simulation
results. The measured thickness variation of 2.6 % is significantly lower than the previously replicated optics
with non-optimized gaskets. The ”as plated” measured shell thickness results are within 90 % of the simulated
COMSOL result values.



Figure 9: The axial thickness variation of a mandrel with an axial length of 60 cm for various shield diameter
combinations.

Figure 10: The mandrel setup with flat gaskets and shields just after plating.

Figure 11: Comparison of the measurement axial thickness profile to the COMSOL simulation results of the
configuration shown in figure 10. Thicknesses variation is under 3 % and closely agrees with the simulations.



We have also replicated a shell on a large single-piece mandrel to test the effect of shield optimization. The
axial length of the optic is 60 cm. The mandrel has end caps of 5 cm on either side of the optic portion making
the total length of the mandrel 70 cm. This optics’ maximum and minimum diameters are 7.6 cm and 6.2 cm,
respectively. We used a small gasket with a Copper strip to act as a cathode. The shield diameters of the top
and bottom ends of the mandrel are 30 cm and 60 cm, respectively. Figure 12 shows the picture of the mandrel
with differential shield diameters and Copper strip gaskets used for this experiment. Figure 13 shows the shell’s
simulated and measured axial thickness after separation. The thickness variation is about 7.5 % and matches
closely with the simulation results. Copper cathodes on the gaskets helped to increase the thickness uniformity
near the edges of the mirror shell.

Figure 12: The mandrel with differential shield diameters and Copper strip gaskets.

Figure 13: Comparision of the measured axial thickness profile to the COMSOL simulations’ predictions for the
configuration shown in figure 12. The overall thickness variation is about 7.5 %, as predicted, and closely agrees
with the simulation.



5. DISCUSSION AND SUMMARY

Simulations to study the electric field distributions inside the plating tank have proved advantageous in regu-
lating electroformed mirror-shell thickness uniformity. Optimizing gaskets and shield dimensions has consistently
produced high-quality optics. Large GHs and Copper strips are used to reduce the edge nonuniformity of the
mirror shell, and differential gasket and shield dimensions help to regulate the thickness uniformity across the
whole axial length. The thickness distribution in the azimuthal direction is generally uniform due to the rota-
tional symmetry of the tank configuration and mandrel rotation during plating. We repeatedly produce full-shell
X-ray optics with under 5 % axial thickness variation using this simulation-led technique. Thickness nonuni-
formity at the edge of the shell could result in unstable assembly and mounting. As the deposition stress is
directly proportional to the local current density, gasket optimization could aid in better shell separation from
the mandrel and improved final figures. The optimization process is more critical for optics with large graze
angles. We routinely custom-design a unique set of gaskets and shields for each mandrel geometry. In some
cases, with small axial length mirrors, using custom gaskets has also improved the imaging performance of the
optics. However, we need further investigations to understand this relationship. We are currently investigating
the effect of thickness uniformity on the shell release mechanism and non-circularity of the shell.
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