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20.1 Ghost Images { Geometry

Ghost images occur when photons reach the focal plane after missing the paraboloid or the
hyperboloid of a given mirror pair. The ghost rays can be classi¯ed into the following types:

² nonre°ected rays: missedboth the P (paraboloid) and the H (hyperboloid) optics of a given
mirror pair.

² P-ghosts: missedthe P mirror.
² H-ghosts: missedthe H mirror.

The HRMA was designedto suppressghost imageswithin 140 of the optical axis. This was accom-
plished by X-ray ba²es at the location of the ¯rst thermal precollimator plate and X-ray ba²es at
the aft surfaceof the HRMA Central Aperture Plate (CAP). In addition, an X-ray ba²e is needed
in the P6 cavit y. A description of the X-ray ba²e design is given in Gaetz (1993).

The behavior of the ghost imagescan be understood qualitativ ely as follows. If a Wolter Type-I
mirror pair were completely unba²ed, ghost rays would reach the focal plane even in the on-axis
case. Individual mirror elements do not focus rays at the same location as a mirror pair: the
paraboloidal mirror elements focus rays behind the mirror pair focal plane, while the hyperboloidal
mirror elements focus rays aheadof the pair focal plane (seeFigure 20.1)

Rays which are parallel to the optical axis and which hit the P optic will also re°ect o®the H
optic (neglecting the e®ectsof scattering and assuminga perfectly aligned system). Becausethe H
optics are actually slightly over-long comparedto the matching P optics, there is a slight range of
o®-axisangles(in the as-designedsystem) where rays hitting the P optic will continue to hit the H
optic. Eventually , though, the o®-axisangle becomessteepenoughthat rays hitting near the front
of the P will be re°ected too steeply to hit the H optic; such rays becomeghost rays if they are
not blocked (Figure 20.2). Rays which are parallel to the optical axis and hit the hyperboloid will
reach the focal plane as ghost rays (in an unba²ed system) but well outside the the detector area;
to lowest order, the radius of this H-ghost ring is half the radius of the mirror pair.

The behavior of the ghost imagescan be understood qualitativ ely by consideringthe re°ection
properties of individual paraboloid or hyperboloid mirrors. Considera paraboloidal mirror element
by itself (i.e., in the absenceof its companion hyperboloid); rays from an on-axis point sourceat
in¯nit y will produce an out-of-focus ring at the (mirror pair) focal plane. In this case,the focus of
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Figure 20.1: Schematic diagram of rays re°ected from a single P or H mirror element
compared to the P and H combination of the Wolter type I design. The dashed line
indicates the focal plane for the mirror pair.

the optic is behind the system focus so that the + Y portion of the out of focus ring is produced
by the + Y portion of the optic. A hyperboloidal mirror element by itself also producesan out of
focus ring; however, becausethe hyperboloid focusesthe rays aheadof the focal plane, the image is
inverted and the ¡ Y portion of the image is produced by the + Y portion of the optic. In reality,
the on-axis rays which hit the P optic will also re°ect from the companion H optic and reach
the system focus. In the absenceof ba²es, rays which miss the P optic will hit the H optic and
becomesinglere°ection H-ghosts,or missboth the P and H optics and becomenonre°ected ghosts.
The HRMA ba²es are designedto reject non-re°ected ghost rays, and to prevent single re°ection
ghostsfrom hitting within the central 140 of the focal plane, while at the sametime not vignetting
doubly-re°ected rays incident within 140 of the optical axis.
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Figure 20.2: Schematic diagram of single re°ection ghosts. Ray a strikes the parabola
with too steep a positive slope and the re°ected ray missesthe aft end of the hyperbola
becominga \P ghost". Ray b is an exampleof an \H ghost".

Note that the ¯nite length of the optics producesedgeswhich vignette the rays. In the AXAF
mirror design, the H optics are slightly over-long comparedto the P optics: for perfect optics and
perfect alignment, the set of rays parallel to the axis which illuminate the P optics are re°ected
and illuminate almost all of the companion H optics; however, a narrow band at the forward and
aft end of each H optic is unilluminated.

As a sourcemovesfurther and further o®-axis,the rings of singly-re°ected rays deformsinward
(along the axis containing the source and the optical axis). The ring forms a cusp (cardioid-
like) when the o®-axisangle is comparable to the graze-angleof the mirror; thereafter, the ghost
ring forms a double-loop (very much like a lima»con); both branches of the lima»con grow, and the
smaller loop eventually crossesthe optical axis unlessappropriate X-ray ba²es are in place (see
Figure 20.3).

20.2 Ghost Ba²e Design

In Figure 20.4,possiblelocationsof X-ray ba²es in Wolter type I systemsare indicated, together
with the vignetting constraints. The utilit y of ghost ba²es at each of theselocations is discussedby
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Figure 20.3: The left panelsshows the imagesof rays from a point sourceat in¯nit y and
intercepting a mirror element at its midplane; curves are shown for sourceo®-axisangles
of 0, 12.5, 25, 37.5, 50, 62.5, and 75 arcmin. The right panels show the imagesof rays
re°ecting from the forward and aft edgesof an individual mirror element; curvesare shown
for o®-axisanglesof 0, 37.5, and 75 arcmin. In each caseonly a single mirror element of
the mirror pair is considered;the companion mirror element is absent, and the system is
assumedto be unba²ed.

Austen and Torgenson(1980); they note that interior ba²es (locations I P and I H are preferable,
but ba²ing at F , C, or A is usually mechanically more practical. The ba²es at the the A position
serve to exclude ghost rays outside some radius from the optical axis, so they are not relevant
to the problem of excluding ghost rays near the optical axis. The original ghost ba²e design
included ba²es only at F and C; this design would not meet the requirement of the AXAF-I
Projects Requirement Document (PRD) Level II (originally a keep-out zone of 150), and it was
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suggestedthat the requirement be relaxed. Gaetz (1993) showed that the addition of a ba²e at the
I P position for P6 would allow the ghost exclusion requirement to be met; the ¯nal ba²e design
included a P6 interior ba²e. Based on subsequent manufacturing tolerance concerns, the PRD
Level II requirement was relaxed to 140 from the optical axis. In the following, we brie°y discuss
the ba²ing of P-ghosts,H-ghosts, and the vignetting implications.

Figure 20.4: Schematic diagram of ba²es for Wolter type I optics. The dashed lines
originating at the forward and aft ends of the optics indicate the vignetting angles. The
dashed line connecting the forward edge of the paraboloid (P) to the aft edge of the
hyperboloid (H) indicates a limiting \good" ray. Potential ba²e locations are forward of
the optics (F ), betweenthe P and H (C), aft of the optics (A), interior to the paraboloid
(I P ), or interior to the hyperboloid (I H ).

20.2.1 Con trol of Single Re°ection Ghosts

The limiting H ghost ray is determined by ba²e Fi and either I Pi or Ci . In the AXAF-I HRMA
design,ba²ing at Fi , Fo, and Ci works for the outer three shells(P1H1, P3H3, and P4H4), but is
not adequatefor the innermost shell (P6H6). However, as noted above, it turns out that a ba²e
at the location I Pi enablesthe simultaneous vignetting/ghost ray requirements to be met, at least
for ideal conditions; Figure 20.5 schematically indicates how the ghost ba²e system works.

The addition of a ba²e at I P improves the control of H ghosts by reducing magnitude of the
slope of the limiting ray for a given choice of vignetting angle µVo; the degreeof relief is limited by
the need for the ba²e to avoid the Fi ¡ PA vignetting cone and the PF ¡ HA cone. Figure 20.6
schematically indicates how the ghost ba²e system works.
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Figure 20.5: Control of ghost rays using ba²es at Fi , Fo, and Ci . The P ghosts are
controlled by the ba²es Fi and Ci . The solid curve touching Fi indicates the limiting P
ghost ray: steeper rays are blocked by the ba²e Ci ; shallower rays have a shallower angles
after re°ection and intercept the focal plane further out than the limiting ray. H ghostsare
controlled by the ba²es Fo and Ci . The solid curve through Fo indicates a limiting ghost
ray: steeper rays are blocked by Ci ; shallower rays have a steeper anglesafter re°ection
and intercept the focal plane further out than the limiting ray.

20.3 HSI Images of Ghosts

Ghost images are evident in the HSI o®-axis images for angles 250 and greater. The basic
features in the 300 o®-axisimagesare shown in Figure 20.7

In Table 20.1, the o®-axisHSI imageswhich include P6 or H6 ghostsare listed.

At the anglesfor which HSI imageswere obtained, only single re°ection P6 or H6 ghosts are
visible. In the 250 o®-axisimagesat Ti-K ® and Fe-K® (Figure 20.9), part of the H6 loop (lower left
corner of each image) is occulted by one of the cuspsof the HSI mask. The full inner part of the
H6 loop is visible in the 250 C-K® imagebecausethe imageis centered near the top of the detector;
in this casemost of one of the large lobes is lost. The Al-K ® image (MP6 only) is at about 240

o®-axis,and the H6 ghost is in the problem of cusping. (Note that the o®-axisdirection alsodi®ers
by 90± from the other images.) Comparing the di®erencebetween the image at » 240 (H6 ghost
image cusping, and hasn't yet reached the direct image) versus the imagesat » 250 (ghost image
forms a loop passingthrough the direct image) indicates that the ghost imagesin this angle range
provide a sensitive measureof the actual angle the HRMA makeswith the beamline axis.
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Figure 20.6: Control of ghost rays using ba²es at Fi , Fo, I Pi , and Ci . The P ghosts are
controlled as in Figure 20.5. The H ghosts are controlled by the ba²es Fo and I Pi . The
solid curve again indicates a limiting ghost ray: steeper rays are blocked by I Pi ; shallower
rays have a steeper angleafter re°ection and intercept the focal plane further out than the
limiting ray.

Table 20.1: Phase1 O®-Axis Imageswith P6 or H6 ghosts

TRW ID RunID Energy Shell nominal nominal defocus Counts
(keV) pitch (0) yaw (0) (mm)

E-IXH-PI-6.006 110701 0.277 HRMA ¡ 21:21 21:21 44:7368 32438
E-IXH-PI-21.006 111089 4.51 HRMA ¡ 21:21 21:21 44:7368 58039
E-IXH-PI-11.006 110893 6.4 HRMA ¡ 21:21 21:21 44:7368 282273
E-IXH-PI-6.005 110700 0.277 HRMA ¡ 17:68 17:68 31:1065 48864
E-IXH-PI-52.001 111765 1.486 6 16:42 17:68 85:0136 98126
E-IXH-PI-21.005 111088 4.51 HRMA ¡ 17:68 17:68 31:1065 56639
E-IXH-PI-11.005 110892 6.4 HRMA ¡ 17:68 17:68 31:1065 128426

20.4 Determination of O®-axis Angle Using Ghosts

The sampledanglesare particularly interesting in that they occur near the anglesat which the
P6 and H6 ghosts cusp and turn into loops. The fact that the both the direct image and the H6

Chapter 20. HRMA Ghost Image Properties 20 { 7

20.4. Determination of O®-axisAngle Using Ghosts 07 Jul 1999{ in progress

H6 ghost

P6 ghost

P6 ghost

H6 ghost

H6 ghostDirect Image

strut shadows

Figure 20.7: O®-axis image with ghosts. (Simulation of E-IXH-PI-11.006, runid 110893;
Fe-K®, 300 o®-axis.). At this angle, the single-re°ection P ghost and single re°ection H
ghost can be readily discerned.

ghost loop are visible at the sametime make these imagesuseful for measuring the actual o®-axis
angle of the MP6 shell relative to the facilit y optical axis. The anomaliesof the line PRF relative
to the simulated line width suggestthat the assumedInitial Actuator Position (IAP) of the HRMA
may be o®by » 1=4 arcmin in yaw from the best value basedon available records. The simulated
imagesat 250and 300o®-axisalsosuggestthat the IAP may be systematically in error by an amount
of that order.

The size of the H6 ghost loop and its position are sensitive indicators for the magnitude of
the o®-axisangle, µ; it can be estimated to within » § 0:050. The azimuth of the o®-axisangle,
Á, is tric kier to determine; accurate evaluation involves evaluation of subtle variations in feature
locations asthe azimuth varieson a scaleof degreesor less. In Figure 20.10,typical critical features
are indicated; Figure 20.11,simulations varying µ and Á are presented.

The determination of the HRMA orientation by this technique is currently ongoing; results will
be presented as they becomeavailable.
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Figure 20.8: HSI imagesof ghostsat 250o®-axis.Upper left: C-K® (E-IXH-PI-6.005, runid
110700,48864counts) Upper right: Ti-K ® (E-IXH-PI-21.005, runid 111088,56639counts)
Lower left: Fe-K® (E-IXH-PI-21.005, runid 110892,128426counts) Lower right: Al-K ®
(E-IXH-PI-52.001, runid 111765,98126counts) The image at Al-K ® was taken using the
quadrant shutters to isolate mirror shell 6; becauseof actuator constraints, the o®-axis
angle was closer to 240 o®-axis,which is why the P-ghost has not formed a loop yet. In
addition, the azimuth for the Al-K ® exposuredi®eredby 90± from that usedfor the other
energies.
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Figure 20.9: HSI full HRMA imagesof ghostsat 300 o®-axis.Upper left: C-K® (E-IXH-PI-
6.006, runid 110701,32438counts) Upper right: Ti-K ® (E-IXH-PI-21.006, runid 111089,
58039 counts) Lower left: Fe-K® (E-IXH-PI-21.006, runid 110893,282273counts) Note
that one of the cuspsof the HSI mask occults part of the H6 ghost loop in the lower right
of the Ti-K ® and Fe-K® images.

20 { 10 Chapter 20. HRMA Ghost Image Properties



07 Jul 1999{ in progress 20.4. Determination of O®-axisAngle Using Ghosts

a

c

d

b

Figure 20.10: Determination of o®-axisangle using the ghost in the 300 o®-axisFe-® HSI
image (E-IXH-PI-11.006, runid 110893). The planned angle was µ = 300, Á = ¡ 45±.
The value calculated from the actuator readings and relative to IAP7c2 is µ = 30:019520,
Á = ¡ 45:0351±. Top. The ghost loop is truncated lower left by the HSI mask cusp. The
distancea is sensitive to the magnitude of the o®-axisangle. The featuresb, c, and d help to
re¯ne the direction of the o®-axisangle. Bottom. Simulation, (µ = 30:30390, Á = ¡ 44:75±),
almost matchesthe HSI image. The smaller ghost loop comesfrom oneof the twelve open
slots of the P6H6 optic; the gapsadjacent to feature b are produced by the support strut
shadows. Feature c is the image of the next segment just beginning to appear. A large
secondghost loop is also visible as a faint large loop.
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Figure 20.11: Top Left: µ = 30:30380, Á = ¡ 44± (Pitc h, yaw = [¡ 21:05100; 21:79900]).
Top Right: µ = 30:30380, Á = ¡ 44:5± (Pitc h, yaw = [¡ 21:24000; 21:61400]). Bottom Left:
µ = 30:30380, Á = ¡ 45± (Pitc h, yaw = [¡ 21:42800; 21:42800]). Bottom Right: µ = 30:09210,
Á = ¡ 44:3618± (Pitc h, yaw = [¡ 21:04000; 21:51400]). Simulations for varying µ and Á.
Comparing the bottom right ¯gure with the others, it is evident that the width at a (see
Figure 20.10) is sensitive to the o®-axisangle µ; we estimate that the width of this feature
restricts the value of µ to about 30:30§ 0:05. Note alsothat asµ becomesmore negative, the
\horns" (feature b) on the smaller loop shift systematically. The feature c (seeFig. 1) shifts
systematically with Á. The relative lengths of the segments at c also vary systematically.
Thesefeatures allow the value of Á to be estimated as about 44:675± § 0:15.
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