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ABSTRACT

The x-ray reaflectivityof the VETI'A-I optic, the outermost
shellof the AXAF x-ray telescope, with a bare 7_erodursur-
face,is measured and compared with theoretical predictions.
Measurements made at energies of 0.28, 0.9, 1.5, 2.1, and 2.3
keV are compared with predictions based on ray trace calcula-
tions. The data were obtained at the x-ray calibration facility
at Marshall Space Flight Center with an electron impact x-ray
source kr.ated 528 m from the grazing incidence mirror. The
source used photoelectric absorption filters to eliminate
bremsstrahlung continuum. The mirror has adiameter of 1.2 m
and a focal length of 10 m. The incident and reflected x-ray
flux are detected using two proportional counters, one located
in the incident beam of x-rays at the ennance apernue of the
VErA-I, and the other in the focal plane behind an apertureof
variable size. Results on the variation of the reflectivity with
energy as well as the absolute value of the roflectivity are pre-
sented. We also present a synchrotrm mflectivity measure-
ment with high energy resolution over the range 0.26 to 1.8
keV on a flat Zeredur sample, done at NSLS. We present evi-
dence for contamination of the flat by athin iayer of carbon on
the surface, and the possibility of alteration of the surface
composition of the VETA-I mirror perhaps by the polishing
technique. The overall agreement between the measured and
calculated effective area of VETA-I is between 2.6% and
10%, depending on which model for the surface composition
is adopted. Measurements at individual energies deviate from
the best-fitting calculation to 0.3 to 0.8%, averaging 0.6% at
energies below the high energy cutoff of the mirror reflectiv-
ity, and are as high as 20.7% at the cutoff. We also discuss the
approach to the fired preflight calibration of the full AXAF
flight mirror.

i. INTRODUCTION

In the following sections we discuss the techniques we
used for the measurement of VETA-I effective area. We also
discuss the techniques used for calculation of the predicted
effective area from previously existing knowledge of the com-
position of the reflecting surface material, atcxnie scat_ring
coefficients, and the geometry of the mirrors. We present a

sphere of solid angle behind the optics. For observations with
the AXAF observatory, one could consider whether this is
really a useful quantity. It is of interest when comparing total
reflected power with that predicted from scattering theory, but
the scattering theory uses scattering coefficients obtained from
experiments that are difficult to do precisely. Experimental
measurements of reflection are very difficult to do out to scat-
tering angles of n/2 because the flux density is so low at large
angles, and the geometry of the optics prevents rays scattered
at angles larger than about one degree from reaching the focal
plane. Other measanements, such as total absorption, are also
difficult. In this paper, we report estimates of the total effec-
tive area to hi2 based on extrapolation of measurements taken
out to angles up to 17.5 arcmin, at which point the flux density

is less than 10"t° of its peak central value.

2. MEASUREMENT TECHNIQUE

The general aspects of the VETA-I test are described by

Kellogg et all. "I_ measurement technique uses photometric

x-ray detectors z with aseriesofcircularmechanicalapertures
Of increasing diameter centered on the peak of the PRF to
define the geometric flux collecting area. The size of each
apertm_ corresponds to an angle from the center of the point
response function, out to which all flux is integrated. The larg-
est aperture used was 20 mr. diameter, which corresponds to
3.3 arcmin radius. At larger angles, the apeaure was moved
off-center from the PRF peak to measure the flux outside the
maximum centered angle. These were known as wing scans.

The x-ray source is described in Charms et al2 and Zhao

et al3. The t&rgets llsed and resulting characteristic line ener-
gies aregiveninTable 1. The dominant line is a I in Siegbahn

notatiou which corresponds to either the transition KL m or

LmMv.

The technique of Chartas et al2 is used to define the x-ray
energy. The contribution to the reflected flux from the
VETA-I optic due to continuum f_om the x-ray source is sub-
tracted, using a model of the mirror reflectivity vs. energy.

s-_ary of the raytrace calculation p_-ocedme, sad give the What remains after the subtraction is the contribution from the
results of the compmson, compared with the data. We also characteristic line(s).

present the results of the synchrotron reflectivity measurement The aper_es used are nominally circular with diameters
for comparison, ranging from 0,005 to 20 mm. The actual sizes and shapes

The total effective area is defined in this work as the inte- deviate from ideal circles, so this effect must be taken into
gral of the point restxmse fimction (PRF) over the back hemi- account. The details of these size and shape measurements are
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described by Podgorski et al4.

Table 1: X-ray targets and Energies

Element

C

Cu

Z Shell

6 K

29 L

i3 K

40 L

42 L

A1

Zr

Mo

Dominant
M_eanLine

Line

Energy, keV F_.neagy.keV

0.277 0.277

0.9297 0.932

1.4867 1.488

2.04236 2.067

2.29316 2.334

A number of runs were carried out with the same x-ray
target at different electron currents in order to determine the
sensitivity of the results to the intensity of the X-ray beam. The
error from such an effect was found to be much smaller than
other errors.

Absolute normalization of the effective area was deter-

mined by taking the ratio of the flux in the x-ray line in the
XDA detector to the flux in the x-ray line in the BND detector
and multiplying by the open area of the BND detector, a 20
mm diameter apertu_ whose area was meama'ed to be 100rt =

314.16 + 0.08 ram 2 (:!: 0.025%), 4. That error is negligible in

comparison with others, and so is ignored in the error analysis.

3. CALCULATION OF TOTAL REFLECTED

ENERGY

We define the effective area as the integral of the PRF
with the energy spectrum of the x-ray source, and the integral
over angles with respect to the incident beam direction 0 < 0 <

rd2 and 0 < 0 < 2n, polar and azimuthal angles, respectively.

In this paper, we assume the PRF not to be a function of ¢. We

also assume that the PRF is composed of two functions of 0, a

core f_ (0) and a wing. We fmd that to a sufficient approxi-

mation s, the wing has a power law distribution

f,_ (0) = K0 -_'. The functional form of the PRF at large

angles is obtained from a fit to the wing scan data, such as
from Figure 1. Tl_refore, tim integral of the PRF, or the Eff-
ective Area out to _/2 is

EffectiveArea = Core (02) + Wing (Ol)

0 2 n/2

= f f, (0) 0d_2 + f (r0 -'_) dn where 0t is the angle at
0 O t

which thecontributionof thewiag totlmPRF isvery small

compared withthecoreand 02istlmangleatwhich thecontri-

butionoftlmcoreisvery smallcompared tothewing.

The wing isthen

2nn/2

Wing(01) = f f KO-'%inOdOdt#
00_

_t/2

= 2r_K f 0-asin0d0 •
0]

In Figure 1, we show the Pill: of the VETA-I mirror at

A.I-K, 1.49 keV. The data at angles from 4.7 x I0 -6 to 9 x 10 -4
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Figure 1. PRF of VETA-I at 1.49 keV. The open circles are the
measured PRF, with 1 o error bars. The open squares are the
deviations of the PRF from tim power law fit to the wings of the
PRF, which is the line of constant slope. The dashed line is the
core PRF with the wing fit subtracted.

rad were taken using annular apeIxues consisting of an open
annulus of a circle cut in solid metal, with four spokes to sup-
port the central opaque circle. The annulus has an inner diam-

eter0.9 of its outer diameter. The spokes obsctme 10% of the

J

f
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annulus at angles of 45 ° with the horizontal and vertical axes.

At larger angles out to 5.2 x 10.3 rad. circular pinhole apertures
offset from the center of the PRF were used. In Figure 1 a
power law fit to the data at large angles is shown. The slope of
the function with 0 is given in Table 2. The equation fitted is

IogPRF = -otlog0 + logb. That component was subtracted
from the PRF measured at the three smaller angles, resulting in
the steeply rising curve in Figure 1 at small angles. The fit to
the data was done only to the annuli data. since the pinholes
must be correctedby a factor that depends on the ratio of their
distance off axis to their size, and on the power law slope. The
pinhole points lie above the curve, but approach it at larger
angles, as the correction becomes smaller.

Therefore. we see that

• the PRF contains an outer comtmnent that is reason-
ably well represented by a power law

• the transition to the steeper inner component occurs at

angles less than 10 4 rad.
As a result, it appears reasonable to use the power law to

estimate the flux contaimd in the portion of the PRF outside

the 20 nun pinhole (which subtends a half-angle of 9.8 x 10-4
rad).

The results of the wingscans at the other four energies are
shown in Figure 2. The parameters of the logarithmic fits to the
outer part of the PRF are also listed in Table 2. The slopes in

Table 2: Power Law Fits to the Outer Wings of the PRF

Une EaeI_
keV

C K 0.277

Cu L 0.930

Al K 1.49

Zr L 2.06

Mo L 2.29

Reduced
a log b X2

2,381 4-0.007 -1.904 + 0.025 13.9

2.004+0.011 -0.488 4-0.034 3.2

2.028 4-0.007 -0.522 4-0.023 4.3

2.0744-0.046 -1.244-0.16 1.4

1.643 4-0.075 -0.578 4-0.215 4.6

Table 2 for the three middle energies. 0.93.1.49 and 2.06 keV,
are not significantly different, but the slope at 0.277 lmV is sig-
nlficandy steeper, and the slope at 2.29 keY appears to be flat-
ter. although it is based on only four data points. The slope is
a result of the size distribution of features in the microrough-
ness of the surface, as well as of any possible dust contamina-
don that lies on the surface. This result suggests that some
information about the size distributions may ultimately be
obtained from the wing scans.

The large values of reduced X2 for the power law fits may

come from a lack of azimuthal symmetry in the wings of the
PRF, or because the model chosen doesn't fit the data well
enough. For the Cu-L data, we did fits to the wing scans at four
azimuths correslxxmling to scans in the verdcal and horizontal
directions, and the slopes were the same within error, but the
normalizations differed by almost a factor of two. We
attempted to improve the AI fit by averaging over azimuth

before fitting, but no signifmant improvement resulted.

We note that the fractional power i, the wings increases
with energy, as expected from scattering.

4. CHARACTERISTICS OF ZERODUR:

COMPOSITION

In order to compare the measured effective area with that
expected, we calculate the effective area from tabulated
atomic scatmring factors. Such a calculation can only be done
if the composition of the reflecting surface is known. We ini-
tially assumed that the surface has the same composition as the
bulk material. The Zerodur used to construct the AXAF mu.
rots was suppled by ScJaotL The composition is given m

Table 3, in descending order of abundance6.

Table 3: Composition of AXAF Zerodur Mirrors

Fraction Fraction
Compound by weight Compound by weight

SiO2 0.555 ZIO 2 0.019

AI203 0.253 ZnO 0,014

P205 0.079 MgO 0.010

Li20 0.037 Na20 0.005

T]O 2 0.023 As203 0.005

5. RAY TRACE CALCULATIONS

The effective area of the VETA-I was calculated usta_ tl_

OSAC raytrace code 7. It was assumed that the optical tie.
merits were perfectly aligned, the despace was 109.03 nun
and the X-ray source was on-axis. The actual finite source th,
tame of 518160 mm (1730 ft.) was used. The reflectiv_b ,_

Zerodur was calculated using the Henke et als optical con-
stants for the mixture shown in Table 3 with a bulk den,,_b

value of 2.53 g an "3.

There are stops along the optic axis defining the axial
extent of the reflecling surfaces. The stops are: the apodizer
located at the back of the PI. the mid-plane aperture plate, and
the apodizer located at the back of the HI. However. due to the
finite source distance and despace of the P1 and HI, only
about 60% of the nominal flight length of the P1 optic was
exposed, so the mechanical stops were not significant.

The figure of each optic was assumed to be a perfect conic
section with the as-designed conic parameters. The large scale
figure errors, either due to fabrication or to gravitational or
thermal distortions, do not have any significant effect on cal-
cu!A_donsof total reflectivity in 2n ster. since_they only redis-

tribute power in the core of the PRF. Small scale micromugh-
hess and dust on the surface can have a significant effect, how-
ever.

Because of the assumptions of perfect alignment, an on-
axis source position, and no distortion, and because we did not
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Figure 2. PRF of VETA-I at the four remaining energies, The circles are the measured PRF, with 1 a error bars. The open squares are

the deviations of the PRF from the power law fit m the wings of the PRF, which is the line of constant slope. The dashed line for
carbon-K is the corn FRF w_th the wing fit subtracted,
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do a detailed model d the azimuthal dependence of the obscu-
ration by the support struts, the raytrace had rotational symme-
try about the optical axis. Consequently it was possible to
reduce the integration over the entrance pupil of the telescope
to a one dimensional radial integration. This was implemented
by placing 2000 rays at a single angular posidon over an annu-
lar entrance pupil. The emerging rayswere collected in a ray
file. which was then filtered at the focal plane to determine
which ones passed through a specified pinhole aperture, to
determine the fraction that were transmitted.

We quote the total effective area over 2rester. that is, inte-
grated over the entire focal plane. Obscuration due to the four
mirror support struts (which were 76.2 mm thick) reduced the
calculated area by 8%. The results showed some dependence

_ of the flux in the _w'mg.S__on azimuth which may be due to the
struts.

6. ATOMIC SCATFERING FACTORS

The x-ray reflection coefficients were calculated using the

most recent Henke et al atomic scattering factors8, which are
obtained by fitting a large quantity of experimental data. The
factors are given as values off1 and f2 from 10 to 30000 eV in

logarithmic intervals, and represent the best available basis for
comparison with previous measurements. Expressions for
reflection from scattering coefficients are given in the original

Henke et al9 paper.

7. RESULTS

Figure 3 shows the effective area of the VErA-I, calcu-
tl
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Figure 3. Calculatedeffective areaof VETA-Iforfour different
compositions.The labels indicatethe fractional compositionof
SiO2. Thenominal composition for Zeroduris 0.555.

lated using the methods dema-ibed above, for several variations
on the composition of the glass. These results were then com-
pared with the measured effective area to see which composi-
tion would give the best fit to the meastaements. The structure
in the calculated curve due to edges of oxygen (532 eV), alu-
minum (1560 eV) and silicon (1840 eV), which are the main

constituents of Zerodur, is readilyapparent.

The comparison between calculated and measured effec-
tive areais shown in Figure 4. The calculated curves were nor-

malized to the measured points by minimizing X2. The calcu-

lated areawas multiplied by 0.974 for the pure SiO2, and 1.10

for Zerodur to obtain the minimum Z2. Thus, there is a slight

preference for the surface composition of the glass being pure

SiO2. rather than Zerodur, based on the better Z2 (20 for 4
d,o.f, vs. 51 for Zerodur) and normalization.
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Figure 4. Calculated andmeasuredeffective areaof VETA-I.The

crosses arethemeasured results,giving the upperandlower limits
of theestimated lo errors.In additionto the totaleffective area,
thearea outsidethe 20 mm pinhole,or 1 farad angle, is plotted,
which shows that the wings of the PRF are more importantat
higherenergy.

A similar plotofthecalculatedeffective area compared
with the measured data is shown in Figure 5, for the caseof
Zerodurwitharangeofthicknessesofcarbonfrom0 to80 A.
The measuredeffectiveareaat0.277kcV agreesbestwiththe

curvefornocarbonlayer.

8. SYNCHROTRON REFLECTIVITY

MEASUREMENTS

The x-ray reflectivity of a fiat polished sample(PI-I)of
the VETA-I P1 paraboloid section material was measured at

the NSLS, using techniques described by Graessle et allo. Fig-
ure6 shows the results,comparedwith a calcula6onbasedon
the Henke tabless. Obvious absorption features are present
from carbon (284 eV), oxygen (532 eV), and aluminum (1560
eV). Incidentally, it is not surprising that the oxygen feature is
much deeper than the Henk¢ prediction; the latter axe based on
sparse data near edges. It should be notedthat Figure 6 gives
the reflectivity for single reflections from a flat mirror,
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Figure 6. Reflectivity of PI-1 Zerodur sample
fiat, at an incident angle of 51.2 aremin.

whereas the results in Figure 3. Figure 4 and Figure 5 are for
double reflections frona the VETA-I optic; while the same fea-
tures areexpected in both cases, theirdepth andgrossenergy
dependenceswilldiffer.

Thereisastrikingindicationofthepresenceofcarbonon
thesurfaceofthefiatPI-I sample,seenastheincreaseof
reflectivity at energy below 284 eV, and the decrease above
that energy, compared to the prediction for bare Zerodur.

9. DISCUSSION

9.1. Carbon contamination

The raytrace calculations for both Zerodur and pure SiO 2
are in good agreement with the measured effective area at 277
eV. We cannot yet make a statement with much certainty about
the existenceof hydrocarbonon theVErA-I, sincethecalcu-
lations we have done so far (see Figure 5) were only done with
a mean grazing angle approximation, not a full raytr_,e. Also,
It would be much better to have roflectivity measurements at
energies just above and below the carbon edge to make the
result less ambiguous. :: -

For the flat. there is prima facie evidence for a carbon
film. Therefore we conclude that the flat measured at the syn-
chrotron was contaminated by carbon, and the VETA-I optic
was probably not.

lIB

It is not _YlSlngthat the surface of the synchrotron test
flat was contaminated by carbon, since no spodal prevention ¢
measures were taken The VETA-I optic was, however, pre-
pared under somewhat more stringent conditions, so it is again
not surprising that the VETA-I shows no obvious contamina-
tion from a carbon film.

Carbon contamination will be important for AXAF oper-
ation in orbit, because such a film could be deposited at any
time. If it happens before the final metal coating, it may inter-
fere with proper adhesion at the least. If it happens after metal
coating, the energy dependence of the PRF will be affected at
the 5 - 10% level,much greater than our goal of I-2% for
knowledge of the PRF.

9.2. Possibility of changes in surface composition due
to polishing

The formal X 2 analysis supports the notion of a pure SiO 2

surface, although we recognize that there are difficulties with
interpreti_ the data. especially in estimating the total power
outside the 20 mm diameter apertures. There is room for a
morn sophisticated analysisinthefuturethatmay givealess
ambiguousinterpretation.

The better agreement between the prediction for pure
SiO2 and the VETA-I measured reflectivity vs. energy could

be due to a change of surface composition during polishing at
I-]DOS, causing the enhancement of SiO2. On the other band,
the synchrotron data from the flat show clear evidence foortim
AI edge at 1560 eV. so the polishing done at Marshall Space
Fright Center did not affect the composition. The present
VETA-I data and analysis ar not sufficient to allow firm c.tm- _,
clusions to be drawn.

Changes in surface composition of the 7_erodurmay not be __
significant for the AXAF flight mirrors. They will be coated
with a high density metal film to improve their x-ray reflectiv-
ity. which will not be significantly affected by the composition
of the underlying Zerodur.

9.3. Absolute normalization
We have very little information on the error in our knowl-

edge of the absolute geometric area.Two possible contributors
arecenteringerrors and errors in placementofatxxiizers.

The normalization factor needed to minimize X2 for the fit

in Figure 4 is 0.974 for pure SiO 2. and 1.10 for ZeJxxtur. which

10116/92 SPIE 1742-14 Kelloggetal. pg 6 of 8
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gives us an overall agreement in the product of geometric area
and reflectivity of 2.6% and 10% respectively. We would like
to believe the better agreeing number, :and that this shows the
geometric errors to be negligible, but of course, even if the bet'
ter number is true, there could always be a fortuitous cancelling
of geometric errors and overall reflectivity calculation errors.
For the final flight calibration of AXAF, it will be important to
devise a way to estimate these geometric errors, and include
them in our analysis.

9.4. Implications for final AXAF preflight calibration

The value of Z2 for the best fit to the measured effective
area, 20 for 4 d.o.f., is still not formally acceptable, so there is
evidence for some remaining problem, which could be due to
unknown errors in the measurement process, or in the calcula-
tions.

There is a great deal of structure expecmd in the reflectiv-
ity curve between 1800 and 2200 eV. If we had measured
reflectivity of fiats polished in the identical manner to the
VEr A-I using the synchrotron over that energy range, we
probably could have resolved the composition issue. We may
be able to do this on a Zerodur sample when the VETA-I is dis-
assembled and cut to the proper length for the flight AXAF
optics.

In Table 4. we show the deviations between the measured
values of the VETA-I effective area from F'_L_e 4 and the best
fit calculation at each of the energies. The average value _ the
deviations from the full area is 1.2%, which is one measure of
how accuratelywe have done the measurement. Another mea-
sure is the normalizatiou factor, which gives us an overall
agreement in the product of geometric area and reflectivity of
2.6% for our best fit composition of pure SiO 2. Therdore, we

might surmise that in orbital operation (assuming we make no
improvement in our measuring techniques prior to the final
flight calibration planned for 1995-96), AXAF could
measu_ments of absolute flux over a broad spectral band to
~1%, but in a pessimistic view, might be in error as much as
10% of the gecanetric area overall. At higher energies, where
the reflectivity cuts off and the effective area is much smaller,
theerrors could be larger, as high as ~ 20%, asshown inthe
fourthcolumnofTable4.

Careful analysis of the calibration data and comparison
with complete synchrotron mflectivity energy scans taken on
faithful witness flats may reduce the errors at selected energies
by allowing us to weight the individual measurements appro-
priately. For the final calibration, we are also planning to use

Table 4: Effective Area Deviation vs.

Energy Line
keV

0.277 C-K

Devimim from Measured Value to
Best Fit.

normalized to
normalized to full

area at each
area at 0.277 keV

energy

0.3% 0.3%

Table 4: Effective Area Deviation vs. Energy

Energy Line
keV

0.93 Cu-L

1.49 AI-K

2.09 ' Zr-L

2.29 Mo-L

Deviation from Measured Value to
Best Fit,

normalized to
normalized to full area at each
area at 0.277 keV

energy

0.7% 0.8%

0.6% 0.7%

2.5% 20.7%

016% 8%

detectors with considerably better energy resolution, eliminat-
ing errors due to contamination from continuum in the spec-
trum of the x-ray beam used at the calibration facility. The sin-
gle worst disagreeing measured data point was at 2.09 keV,
Zr-L. We know that this measurement suffered from by far the
highest contamination by bremsstrahlung continuum,about
33%, compared to values as low as about 8% at other energies.

We also plan to characterize the natme of the x-ray
beam's spectrum much more carefully using high resolution
spectrometers. We believe all three of these improvements are
necessary to achieve the desired accuracy of effective areacal-
ibration, even up to the high energy cutoff of the mirror.
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