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Abstract. Electroforming replication technology at Marshall Space Flight Center has a long heritage of producing9

high-quality full-shell X-ray mirrors for various applications. Nickel alloys are electroformed onto a super-polished10

mandrel in the electroforming process, then separated to form the replicated full-shell optic. Various parameters in11

the electroplating configuration could result in the nonuniformity of the shell’s thickness. Thickness non-uniformities12

primarily occur due to non-uniform electric field distribution in the electroforming tank during the deposition. Using13

COMSOL Multiphysics simulations, we have studied the electric field distributions during the deposition process.14

Using these studies, we have optimized the electric field distribution and strength inside the tank using customized15

shields and insulating gaskets on the mandrel. These efforts reduced thickness nonuniformity from over 20% to under16

5% percent. Improving the thickness uniformity of the shell aids in better mounting and alignment of shells in the17

optics module. Optimization of the electroforming process, in some cases, improved the optical performance of the18

shells. Using finite element modeling, we estimated the effect of electroforming stress on the figure errors of the19

replicated optics. We observed that the electroforming stress predominantly affects the figure towards the ends of the20

optics. COMSOL optimization of the electroforming process and the experimental results validating these simulations21

are presented in this article. Modeling experimental results of the replication figure errors due to electroforming22

stresses are also discussed.23
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1 INTRODUCTION27

Electroformed replication technology is a proven technique for fabricating astronomical X-ray28

optics. The ability to produce full shell, lightweight, and consistent high-resolution optics has29

made this technology attractive for developing high-throughput astronomical X-ray telescopes.30

NASA Marshall Space Flight Center (MSFC) has three decades of experience developing grazing31

incidence X-ray optics through electroformed replication.1–3 In this approach, electroless-Nickel-32

coated aluminum mandrels are figured and super-polished to match the desired optics prescription33

and the required surface roughness. After placing a mandrel in the electroforming tank and grow-34
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ing the desired thickness Nickel alloy shell, the shell is carefully separated by cooling the mandrel.35

We currently use a Nickel Cobalt (NiCo) alloy for electroforming due to its high tensile strength36

and Young’s modulus. The inner surface of the replicated NiCo shell is a replica of the polished37

mandrel surface profile and roughness. A single mandrel can be reused to replicate multiple shells38

without significantly degrading the surface quality, making it a cost-effective technique for pro-39

ducing multiple mirror shells.40

As the total external reflection of X-rays is limited to small graze angles (typically < 1◦), the41

effective geometric area of the optic is scaled down by a factor of the sine of the graze angle. To42

increase the effective area, multiple confocal shells with different diameters and graze angles are ar-43

ranged concentric to one another. The thickness of each shell can limit this arrangement. The elec-44

troforming replication process produces thin, full shells that are relatively straightforward to align45

and mount. Once the mandrels are polished, replication is relatively inexpensive, making multiple46

identical mirror modules on a single observatory beneficial. Beppo-SAX,4 XMM-Newton,5 Swift,647

eROSITA,7 ART-XC8 and IXPE9 are a few examples of this. Pioneering replication technology48

over the last couple of decades, MSFC has produced X-ray optics for balloon flights (HERO10, 11),49

sounding rocket flights (FOXSI-I,12 FOXSI-II,13 FOXSI-III14 and FOXSI-IV15) and orbiting satel-50

lites (ART-XC,16 IXPE9). Replication technology has also made high-resolution X-ray imaging51

optics for the National Ignition Facility (NIF)17 and Neutron imaging optics for the National Insti-52

tute of Standards and Technology (NIST).53

While replication produces mirrors about two orders of magnitude thinner than those used for54

the Chandra mirrors,18 they have yet to achieve sub-arcsecond angular resolution. Residual profile55
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errors from mandrel polishing, electroforming stresses, shell separation stresses, and mounting er-56

rors contribute to performance degradation. We continue to investigate improving these processes57

at various stages of fabrication to meet the angular resolution requirement for the Lynx mission58

concept19 and for other future astrophysics missions.59

Ensuring shell thickness uniformity is vital for producing high-quality optics and optimally60

aligning and mounting shells into mirror module assemblies. Uniform shell thickness, especially61

at the edges, directly helps the alignment and mounting of the shell to the optics assembly. As62

shown in figures 4 and 8 in the manuscript, non-optimized gaskets result in significantly thicker63

edges than the rest of the shell as the ends of optics are bonded to the assembly structure using64

epoxy, the non-uniformity in thickness results in bond line thickness errors that change the stress65

distribution under load, which affects strength, and stiffness of the bonds, which affects dynamic66

response of the structure. Hence, having uniform shell thickness benefits the performance of a67

flight mirror module assembly. Optimization of the electroforming process, in some cases, even68

improves the optical performance of the shells.17 X-ray mirrors for XMM-Newton telescope have69

reported about 20% variation in axial thickness variation.20 The edges of the shell are significantly70

thicker than the nominal value. Ito et al. have conducted a simulation-based study to regulate71

the thickness non-uniformity near the edges of the shell using optimized shields and cathode po-72

sition.21 Using COMSOL simulations and experimental diagnostic tools, we study and optimize73

the electric field distribution present during mirror shell electro-deposition. Some of these results74

are presented in an SPIE proceeding.22 We also used COMSOL simulations to study the effect of75

electroforming stress on the optics’ replication figure errors. An overview of the electroforming76

process is described in Section 2, and COMSOL simulations to optimize the thickness variations77
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and experimental validations are presented in Section 3 and Section 4, respectively. Section 578

presents the finite element modeling to estimate the effects of the electroforming stress on the79

replication errors.80

2 Nickel-Cobalt electroforming replication process81

In the electroforming process, material from the anodes is electrodeposited onto the mandrel,82

which acts as a cathode. Unlike traditional electroplating, the mandrel surface is passivated with83

an oxide layer to reduce the adhesion of the plated material. We use Nickel (Ni) and Cobalt (Co)84

anodes to deposit NiCo alloy on the mandrel. Pure Nickel is a very ductile material showing signs85

of yielding at low applied stresses. We have observed that the yield strength of NiCo with an 8586

to 15 percent ratio of Ni to Co is much higher and produces stable shells.2 We use Nickel-Cobalt87

Sulfamate as an electrolyte whose properties are regulated to have optimal deposition stress for88

electroplating. Adhesion control and deposition stress control are vital for successful electroform-89

ing. Low adhesion and compressive deposition stress can lead to premature release of the shell90

during electroforming with the risk of damaging the mandrel. Conversely, high adhesion and large91

tensile deposition stress deform the shell, making it difficult to release from the mandrel.23 De-92

position stresses are controlled by regulating the electrolyte temperature and additive salts to the93

Nickel Sulfamate electrolyte. Deposition rates, controlled by the anode current density, are vital in94

controlling deposition stresses. Figure 1 shows an example of the measured stress as a function of95

current density in the electroforming tank.96

The deposited shell thickness growth per unit time is directly proportional to the local current97

density on the mandrel surface. The electric field distribution inside the tank depends on the elec-98
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Fig 1 Deposition stress vs. the applied current density of the electroforming tank. Positive deposition stress indicates
tensile stress and negative stress represents compressive stress.

troforming tank geometry and mandrel dimensions. In the electroforming tank, several anodes of99

Nickel and Cobalt are placed symmetrically around the mandrel to ensure azimuthal field unifor-100

mity and, hence, the shell’s thickness. The mandrel in the center rotates around its axis throughout101

the deposition to further improve the thickness uniformity. However, due to finite dimensions and102

the axial slope of the mandrel, the thickness of the shell varies axially. Thickness nonuniformity103

is more prominent near the shell’s ends due to the mandrel surface’s abrupt discontinuity. Insulat-104

ing gaskets and shields regulate the local current densities at the mandrel surface to maintain the105

uniformity of the axial thickness of the shell. Figure 2 shows the schematic of the electroforming106

setup with anodes, mandrels, gaskets, and shields.107

Our mandrels consist of parabolic and hyperbolic profiles polished onto a monolithic electroless-108

NiP-coated aluminum cylinder. Precise polishing at the ends of the mandrels is challenging due109

to the finite size of the polishing tools. Hence, the axial length of the mandrel on both parabolic110

and hyperbolic sides is slightly larger than the intended optic dimensions. This end-cap region on111

either side of the mandrel, which does not form a part of the optic, helps obtain good-quality end112
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regions during polishing. End-cap regions are separated from the optic segment of the mandrels113

by a small groove (single-piece mandrel) or a detachable block (three-piece mandrel). During the114

electroforming process, insulating gaskets are used at the boundaries of the optic and end-cap re-115

gion of the mandrel to restrict plating. Insulating shields are used at both ends of the mandrel to116

control the local electric field. Thus, gaskets and shields are primarily used to define the bound-117

aries of the shell. However, their dimensions can be optimized to regulate the local electric field118

distribution for uniform thickness deposition.119

Fig 2 Schematic of the electroforming tank.

3 COMSOL simulations to optimize the electroforming process120

We use the COMSOL Multiphysics®software package24 to model the electric field distribution121

inside the plating tank for a given geometry and mandrel. COMSOL allows the exact tank geom-122

etry specifications to be inputted to calculate the field distribution. The electric field distribution123

across the mandrel gives a corresponding deposition thickness distribution. Depending on the size124
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and shape of the mandrels, the electric field varies axially, resulting in a non-uniform thickness125

distribution. Using these simulations, we design optimal dimensions of gaskets and shields to con-126

trol the field distribution. As a result, we have observed a significant improvement in the thickness127

uniformity of the shells.128

3.1 Thickness uniformity at the mirror shell boundaries129

The electroformed mandrel experiences higher electric fields near the gaskets, resulting in a130

greater thickness near the edge of the optics. Thickness uniformity can be improved by increasing131

the radial height of the gasket (GH) above the surface of the mandrel. We have considered a132

cylindrical mandrel of 16 cm diameter and 30 cm axial length for simulations. Gaskets are placed133

at 5 cm from the ends on both ends. For a small GH (defined by the distance from the surface of the134

mandrel to the outer diameter of the gasket) of 5 mm, the mirror shell edges are about 19% thicker135

than in the mid-region of the mirror shell. Figure 3 shows the variation in thickness distribution136

near the shell edges for different GH. The thickness distribution of a cylindrical mirror shell using137

a gasket with 5 mm height is shown in Figure 3 (a). The edges of this shell are significantly thicker138

than the rest of the optic. The thickness distribution resulting from using a larger diameter gasket139

with a gasket height of 4 cm Figure 3 (b) indicates a more uniform shell thickness. Figure 4 shows140

the axial shell thickness simulation results for various gasket heights. Thickness uniformity at the141

edges systematically improves as the GH is increased. Increasing the GH to 4 cm from 5 mm can142

reduce axial thickness variation to 3.7 % from 19%.143
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Fig 3 Thickness distribution of mirror shells for gaskets with different heights. (a) A cylindrical mandrel with GH= 5
mm. (b) A cylindrical mandrel with GH=4 cm.

Fig 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 optics144

As the grazing angle of the optics changes, the relative anode-mandrel distance and slope change145

across the axial length. This results in a gradient in the axial thickness of the shell. This effect is146

more pronounced for the optics with large graze angles. The diameters of the mandrel’s top and147

bottom ends are significantly different for large graze angles. Figure 5 shows the axial thickness148

variation for three mandrel geometries with varied graze angles. We considered a GH of 4 cm149

for this simulation to minimize the edge thickness variation. Axial thickness variation increases150

with the grazing angle of the mandrel. Unlike small height gaskets, the thickness variation trend151
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is distributed across the axial length of the mandrel. The larger diameter end of the mandrel152

experiences a higher deposition rate. For a cylindrical mandrel, the axial thickness variation with153

large gaskets is about 3.7% and looks much flatter across the axial length of the optic. This value154

significantly increases to 12.3 % for a mandrel with a 3o graze angle.155

Fig 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 dif-156

ferent gasket dimensions for each end of the mandrel. For example, the 3o graze angle mandrel157

experiences relatively smaller electric fields on the smaller end of the optic. Optimally reducing158

the GH on the smaller end increases the electric field to negate this effect. Fixing the GH on the159

larger end and gradually reducing the GH on the smaller end yields a more uniform thickness dis-160

tribution. However, if the GH is reduced to below the optimal value, the field increases, resulting161

in much thicker ends. Figure 6 (a) shows the axial thickness distribution for a mandrel with 3o162

graze angle for various gasket configurations. The gasket height on the larger end (GH1) is fixed163

at 4 cm in all cases, while the gasket height on the smaller end (GH2) of the optic is varied for dif-164

ferent cases. The optimal configuration with GH2 of 1.5 cm yields about 5.6% thickness variation165
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measured from peak to valley. However, further reducing GH2 to 1 cm above the surface increases166

the thickness at the smaller end beyond the desired value, resulting in 10.4% variation. Figure 6167

(b) shows the schematic of the optimal gasket configuration for a mandrel with a large graze angle.168

Fig 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.

3.3 Gaskets for single-piece mandrels169

Gaskets with large heights, called flat gaskets, are often used with three-piece mandrels. In a170

three-piece mandrel, the end caps can be detached from the optics-plating portion with the help171

of screws. Hence, inserting a large flat gasket between the three different parts of the mandrel is172

easy. However, for a single-piece mandrel, the end caps are part of the primary structure and are173

separated from the shell-forming region of the mandrel by a machined groove in which the gasket174

sits. Currently, the groove depth limits the maximum usable GH to 5 mm, resulting in thickness175

non-uniformity at the edges of the replicated mirror shell.176

To maintain the thickness uniformity near the edges of gaskets with smaller GHs, we place a177

Copper strip around the circumference of the gasket to act as a cathode region. This arrangement178
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redirects the excess electric field from the edges of the forming optics to the gasket. The Copper179

strip on the gasket gets electroplated, making the optic edges more uniform in thickness. Figure180

7 shows the effect of the Copper strip on the thickness uniformity of the single-piece mandrel.181

Figure 7 (a) shows the deposited shell thickness near the gasket without a Copper strip. The182

optics portion experiences considerable thickness non-uniformity close to the end caps. Figure183

7 (b) shows the thickness distribution with a Copper strip on the gasket. The Copper strip gets184

electroplated, leaving the optics portion with uniform edges. Figure 8 shows the axial thickness185

variation of the optics with and without the Copper strip on the gasket. Using a Copper strip,186

thickness uniformity has improved to 7 % from 17 % otherwise.187

Fig 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.

3.4 Optimizing shield dimensions for large mandrels188

Large-diameter gaskets with different GHs on both ends regulate the electric field distribution189

across the axial surface of the mandrel. However, gaskets of a few centimeters in height cannot190

influence the total electric field across the surface of a large mandrel. For mandrels with axial191

lengths larger than 30 cm, the influence of the gaskets is localized close to the ends. Using ex-192

tremely large-diameter gaskets of several 10s of centimeters in diameter is impractical. Hence, we193
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Fig 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 %.

optimize the shield dimensions to regulate the overall electric fields of large mandrels. Even though194

shields are generally placed at the ends of the mandrel after the end caps, the large shield diameters195

can influence the field distribution along the mandrel. As the slope of the optics makes one end196

of the mandrel larger than the other, we use different shield diameters on each end to counter the197

effect. Figure 9 shows the shell thickness variation of a mandrel with an axial length of 60 cm for198

various combinations of shield diameters. For this simulation, we assumed 5 mm diameter gaskets199

with Copper strips for all the cases. One end of the optic is significantly thicker when using the200

same diameters for both shields. However, reducing the shield diameter on one side can increase201

the thickness to match the other end closely. The thickness uniformity is improved to 6.3 % from202

8.1 % by changing one of the shields to 56 cm from 76 cm while maintaining the other at 76 cm.203

Thickness uniformity decreases when the shield diameters are reduced below the optimal value.204

4 Experimental validation of simulation results205

We have replicated several full-shell X-ray optics based on the inputs from the COMSOL sim-206

ulations. Optimizing shields and gasket dimensions has consistently improved the shell thickness207
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Fig 9 The axial thickness variation of a mandrel with an axial length of 60 cm for various shield diameter combinations.

uniformity. The fabricated shell’s thickness profiles agree closely with the simulations over a wide208

range of thickness ranges. As an example, we have presented results for two shells with different209

dimensions and thicknesses. We replicated a shell from a small three-piece mandrel using large flat210

gaskets. The mandrel optical axial length is 6.1 cm. The maximum and minimum diameters are211

4.6 cm and 4.52 cm, respectively. The mandrel has end caps of 3.9 cm on either side of the optic212

portion, making the total length of the mandrel 13.9 cm. For this three-piece mandrel design, we213

use flat gaskets with a 2 cm height above the mandrel surface. Figure 10 shows the mandrel setup214

with flat gaskets and shields just after plating. After releasing the mirror shell from the mandrel215

using a cold water bath, we measured the axial thickness using a GE CL5 ultrasonic thickness216

gauge. The nominal thickness of the optic is 1100 microns. The experimental thickness varia-217

tion is about 2.6 %, which agrees closely with the 2.9 % simulation result. Figure 11 compares218

the experimental measurement of the axial thickness profile to COMSOL simulation results. The219

measured thickness variation of 2.6 % is significantly lower than the previously replicated optics220

with non-optimized gaskets. The “as plated” measured shell thickness results are within 90 % of221

the simulated COMSOL result values.222
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Fig 10 The mandrel setup with flat gaskets and shields just after plating. (Picture credit: NASA)

223

Fig 11 Comparison of the measured axial thickness profile to results from the COMSOL simulation results of the
configuration shown in figure 10. The thickness variation is under 3 % and closely agrees with the simulations.

224

We have also replicated a shell on a large single-piece mandrel to test the effect of shield opti-225

mization. The axial length of the optic is 60 cm. The mandrel has end caps of 5 cm on either side226

of the optic portion, making the total length of the mandrel 70 cm. This optic has maximum and227

minimum diameters of 7.6 cm and 6.2 cm, respectively. We used a small gasket with a Copper strip228

to act as a cathode. The shield diameters of the top and bottom ends of the mandrel are 30 cm and229
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60 cm, respectively. Figure 12 shows the picture of the mandrel with the differential shield diame-230

ters and Copper strip gaskets used for this experiment. Figure 13 shows the shell’s simulated and231

measured axial thickness after separation. The nominal thickness of the optics is 500 microns. The232

thickness variation is 7.5 % and matches closely with the simulation results. Copper cathodes on233

the gaskets helped to increase the thickness uniformity near the edges of the mirror shell. We have234

fabricated several shells using a similar configuration, and the thickness distribution is identical in235

all cases.236

The residual thickness variation in our optics is due to variation in the electric field distribution237

across the mandrel surface. Depending on the mandrel dimensions, gaskets and shields can only238

have a finite influence on the field distribution. As the axial length and slope of the optics increase,239

the gaskets and shields tend to have a lower influence on keeping the electric field uniform over the240

surface. In such cases, techniques like masking and tilting anodes can be used to ensure reasonable241

uniformity.242

Fig 12 The 70-cm long mandrel with differential shield diameters and Copper strip gaskets is shown.(Picture credit:
NASA)
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243

Fig 13 Comparison of the measured axial thickness profile to the COMSOL simulations’ predictions for the configu-
ration shown in figure 12 are plotted. The overall thickness variation is around 7.5 %, as predicted, and closely agrees
with the simulation.

244

5 Effect of electroforming stress245

Figure 1 shows that the applied anode current density influences the electroforming stresses.246

These stresses influence the figure of the replicated optic. Tensile stresses tend to make the elec-247

troformed optic stick to the mandrel, while the compressive stresses tend to release the optic fast248

and, sometimes, prematurely during the plating process. We plate at a tensile stress of 0.5 ksi249

for an optimal shell release process. For a flat circular substrate, the deposition stress results in250

the spherical curvature analytically given by Stoney’s equation.25 However, there is no analytical251

solution to estimate the nature and magnitude of the deformations of a complex shell geometry252

such as full-shell Wolter I X-ray optics. Hence, we used finite element modeling to estimate the253

effect of electroforming stress on full-shell optics. We have observed that, unlike in the case of a254

flat circular optic, the stress-induced deformations are limited to the edges of the shell. While the255
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magnitude of the deformation changes as a function of the diameter and thickness of the shell, the256

deformation in every case is limited to near-edge regions.257

We calculated the deformation due to electroforming stress using finite element modeling (FEM)258

built in COMSOL Multiphysics. The model consists of the Wolter optic plated on a mandrel. Stress259

is applied by prescribing a temperature field to the plated shell. This method is analogous to apply-260

ing thin film stresses to measure the deformation of a curved substrate, as presented in Chalifoux261

et.al.26 The deformation of full shell optics due to coating stresses is discussed in Gurgew et. al.27
262

The applied temperature field acts similarly to the film stress deposited on a substrate as the applied263

temperature profile makes the optic locally expand or contract. The mandrel’s thermal expansion264

coefficient in these simulations is set to zero to create the stress field in the plated optics with ap-265

plied temperature. By waiving the thermal expansion of the mandrel, the thermal expansion from266

the shell creates a stress field on the system. For these simulations, the shell is assumed to be in267

complete contact with the mandrel. In this configuration, the applied temperature directly trans-268

lates to stress in the shell. Temperatures above the ambient temperature result in tensile stress,269

and the lower temperatures simulate compressive stresses. We have tested this technique on a flat270

circular geometry to compare it to the established analytic results Figure 14. The deformation from271

the FEM is in the form of spherical curvature across the optic. The radius of curvature measures272

the stress, which closely matches the analytical solutions.273

5.1 Figure deformation in full shell X-ray optics274

Plating stress-induced figure deformations are estimated using FEM modeling. Unlike in the case275

of flat substrates, deformation in full-shell X-ray optics is localized towards the edges of the shell.276
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Fig 14 FEM simulation of deposition stress on a flat circular substrate. Figure (a) shows the compressive stress, and
Figure (b) shows the tensile stress. In each case, the predicted stress resulted in curvature of the substrate, which
agrees with our experimental studies.

Tensile stress makes the shell ends flare in towards the mandrel (Figure 15), and compressive stress277

makes the shell flare out. The direction and amount of flaring at the shell ends are proportional to278

the magnitude of the plating stress. Figure 16 shows the axial deformation of the shell for various279

plating stress values. For this simulation, we considered a 50 cm diameter shell with an axial length280

of 60 cm. The deformation errors correspond to an optic that is 1 mm thick. The magnitude of281

the edge deformation varies linearly with the stress. The flaring direction changes when the stress282

changes from positive tensile to negative compressive. The deformation near the center of the283

optic is due to the change in the slope of the optic at the intersection of parabolic and hyperbolic284

surfaces.285

286

287
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Fig 15 FEM simulation of the effect of tensile deposition stress on a cylindrical shell. Most of the deformation is
localized close to the edges of the shell.

Fig 16 The axial deformation of the shell for various plating stress values is shown. The direction of edge flaring
changes as stress moves from compressive to tensile. For this simulation, we considered a 50 cm diameter shell with
an axial length of 60 cm and 1 mm shell thickness.

5.2 Experimental validation of stress deformation288

The axial profile of the mandrel was measured to determine the effect of stress on the axial defor-289

mation of the optics. Then, we compared the deformations with the axial shape of the shell. All290

axial measurements were taken using MSFC’s Vertical Long Trace Profiler (VLTP). Axial errors291

on the mandrel are primarily due to residual errors from the polishing, while errors on the optic292
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include errors from the mandrel and additional errors due to the electroforming process. Figure293

17 shows the axial error profile of the parabolic and hyperbolic sides of the mandrel and a single294

optics shell. The data clearly show that the electroforming process accurately replicates the mid-295

spatial frequencies from the mandrel. Both measurements are taken from the ends at the origin296

towards the intersection of the parabolic and hyperbolic sections. The measurements are taken on297

the outside of the mandrel and the inside of the shell for accurate comparison. The axial length of298

the optics is 29.1 cm, and the diameter of the optics is 13.9 cm at its center.299

Fig 17 VLTP measured axial scans of the mandrel and the Optics. Measurements are taken on the outside of the
mandrel and inside for the shell. Figures (a) and (b) show the comparison of the shell’s parabolic- and hyperbolic-
profiles to that of the mandrel. The electroforming process accurately replicates mid-spatial frequencies.

300

The difference between the axial profile errors of the mandrel and the shell gives the error con-301

tributed by the electroforming process (Figure 18). One can observe that the replication errors are302

minimal at the center of the optic and significantly increase at the ends. We have observed a sim-303

ilar effect for several other replicated optics. This effect correlates well with the impact of plating304

stress, as shown in Figures 15 and 16. Replicated X-ray mirrors for the XMM-Newton telescope305
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also reported trumpet-shaped deformation due to stress.20 Hence, the deformation due to plating306

stress is the major contributor to the axial profile error. However, in a full shell configuration, this307

effect minimizes the overall performance of the optic, as the deformation is localized to the edges.308

Fig 18 Axial profile errors due to electroforming stress on (a) parabolic and (b) hyperbolic segments of the optic.
Errors are predominantly focused on the edges of the shell.

309

5.3 Stress deformation as a function of shell thickness310

In general, the stress-induced deformation is reduced as the thickness of the electroformed shell is311

increased, since the stiffness strength of the optics increases with the thickness. Figure 19 shows312

the simulated axial deformation due to 1 MPa stress for a 50 cm diameter optics and 60 cm axial313

length. Even though the magnitude of the deformation is reduced, the deformation propagates314

deeper into the axial length for thicker-shell optics. The profile errors are localized to smaller315

areas for thin shells. The deformation is distributed to relatively larger areas as the shell’s stiffness316

increases with thickness.317

318
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Fig 19 The axial deformation due to 1 MPa stress for a 50 cm diameter optics and 60 cm axial length as a function
shell thickness is shown. The flaring effect at the edge of the shell decreases as a function of shell thickness.

5.4 Effect of optics diameter319

For a given shell thickness, the mechanical stiffness decreases with the increase in shell diameter.320

Hence, larger-diameter optics tend to have more notable deformation for a given plating stress.321

Figure 20 shows the stress-induced axial profile errors for a 1 mm thick optic at 1 MPa plating322

stress for various shell diameters. The profile error gets larger and propagates deeper with the323

increase in the diameter of the optics. To counter this effect, one can proportionally increase the324

thickness of the shells with an increase in the diameter. However, as the error is localized close to325

the shell edge, its contributions towards the optical quality of the shell remain minimal.326

5.5 Axial and azimuthal stress variation327

The deposition stress is directly proportional to the local electric field. Since the local electric328

field varies significantly with the mandrel geometry and the plating bath configuration, the plating329

stresses will not be uniform along the shell. Axial stress uniformity is controlled by using opti-330

mized gaskets and shields in a similar fashion described in Section 3. In the simulation framework,331
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Fig 20 The stress-induced axial profile errors for a 1 mm thick optic at 1 MPa plating stress as a function of shell
diameter are shown. Larger-diameter shells experience larger flarings at the edge of the optics shell.

we have studied the strain due to axially varying stress profiles for different cases. Interestingly,332

the axial deformation of the shell remained the same for various assumed axially varying stresses.333

The deformation profile correlated with the average stress value across the length but not with334

the shape of the stress profile. Hence, the overall stress value is more crucial to maintaining the335

optics figure than the axial stress variation. In Section 3, we observed that the mandrel experi-336

ences elevated current densities near the edges when small gaskets without copper strips are used.337

This will increase the integrated stress value across the axial length. Hence, we can improve the338

optics figure by regulating the deposition stresses using optimized gaskets and shields. We have339

observed significant improvements in the overall optics figure with optimized gaskets for smaller340

axial lengths than large ones. This is because the integrated stress value for small optics depends341

more on the edge stress variations than the large optics. For example, a 1 MPa stress on a 0.5 mm342

thick 50 mm diameter optics contributes to about 0.5” HPD for a 600 mm axial length optics and343

0.9” for a 100 mm axial length optics. However, our simulations have shown that adding about344

10% axial variation to the stress did not significantly change the performance of 600 mm-long345
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optics, but for 100 mm-long optics, performance degraded to 3” HPD. We have experimentally346

observed improved imaging performance for small optics (axial lengths of 10 cm) using optimized347

gaskets.17 We found no noticeable effect for larger optics in varying gasket sizes (axial length of348

60 cm).15
349

The plating bath is designed to have azimuthal uniformity in electric fields and deposition rates.350

Anodes are placed uniformly around the mandrel. The mandrel spins around its axis during plating351

to improve the azimuthal uniformity further. Both from modeling studies and experimental results,352

we have observed that azimuthal thickness variance is negligible. Hence, the stress variation in353

the azimuthal axis is not a significant source of errors in our optics fabrication. However, we have354

assumed significant azimuthal stress variations for completeness and studied its effect on the optics355

figure. Even with substantial variations (over 100 % ) in the azimuthal stress, there is no significant356

variation in the circularity errors in the shell, indicating that the plating stress is not a substantial357

contributor to the non-circularity of the shell.358

6 Discussion and Summary359

The critical scientific requirements of an X-ray flagship mission drive the X-ray optics devel-360

opment at Marshall Space Flight Center (MSFC). Our primary objectives include achieving sub-361

arcsecond angular resolution and a substantial effective area. To accomplish this, we employ an362

electroforming replication process that allows a full shell configuration and fabricating thin shells.363

This allows us to replicate optics with large effective areas.364

The XMM-Newton telescope has already demonstrated the feasibility of this approach by365

achieving an impressive effective area-to-weight/volume ratio. However, despite this success, the366

angular resolution achievable with current technology remains significantly higher than proposed367
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for the Lynx concept study. Our focus lies in systematically understanding and enhancing every368

step of the fabrication process to elevate imaging quality.369

This paper delves into two critical factors: thickness uniformity and electroforming stress.370

These aspects contribute to imaging errors of less than 2 arcseconds. While such deviations are371

negligible for optics with a 15 arcsecond threshold (as seen in XMM-Newton), they become dom-372

inant when aiming for sub-5 arcsecond optics.373

Simulations to study the electric field distribution inside the plating tank have proved advan-374

tageous in regulating electroformed mirror-shell thickness uniformity. Optimizing gaskets and375

shield dimensions has consistently produced optics with uniform thickness. Large GHs and cop-376

per strips are used to reduce the edge nonuniformity of the mirror shell, and differential gasket and377

shield dimensions help regulate the thickness uniformity across the entire axial length of the shell.378

The thickness distribution in the azimuthal direction is generally uniform due to the rotational379

symmetry of the electroforming tank configuration and mandrel rotation during plating. Using this380

simulation-led technique, we repeatedly produce full-shell X-ray optics with under 5 % axial thick-381

ness variation. Using finite element modeling, we have estimated the effect of deposition stress on382

the axial figure errors of the replicated optics. The stress-induced error predominantly affects the383

ends of the shell, which has been observed experimentally. We have also estimated the plating384

stress effects on a shell as a function of thickness and diameter. Deposition stresses have minimal385

effect on the optical performance of the optics as the errors are confined to the edges of the shell.386

This is one of the major advantages of the full shell optics geometry. Gasket optimization improves387

shell separation from the mandrel and figure because the deposition stress is directly proportional388

to the local current density. The optimization process is more critical for optics with large graze389

angles. We routinely custom-design a unique set of gaskets and shields for each mandrel geom-390
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etry. In some cases, with small axial length mirrors, using custom gaskets has also improved the391

imaging performance of the optics. This improvement could be due to reduced overall stress on392

the shell as edge fields are regulated. However, we need further investigations to understand this393

relationship. We are investigating the effect of thickness uniformity on the shell release mechanism394

and non-circularity of the shell.395
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