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Abstract. Diffractive optics components such as Fresnel Zone Plates and their derivatives potentially form the basis
for telescope systems for X-ray and gamma-ray astronomy with high sensitivity and superb angular resolution.
The main problem is that systems with convenient design parameters involve very long focal lengths. The design
considerations and performance of telescopes using a simple Phase Fresnel Lens on one spacecraft and a detector
assembly on another are considered. Such systems are shown to have the potential to provide orders of magnitude
improvement on currently available sensitivity. At the same time the angular resolution can be at the micro
arcsecond level or better — sufficient to resolve the structure surrounding the event horizon of black holes in
nearby galaxies.
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Diffractive-refractive optics for high energy astronomy

Il. Variations on the theme
G. K. Skinner!:2*

! CESR, 9 avenue du Colonel Roche, 31028 Toulouse, France
2 School of Physics and Astronomy, University of Birmingham, Edgbaston, Birmingham B15 2TT, UK

Received 25 September 2001 / Accepted 15 November 2001

Abstract. In a companion paper diffractive-refractive optics components such as Fresnel Zone Plates and their
derivatives have been proposed as a basis for telescope systems for X-ray and gamma-ray astronomy with high
sensitivity and superb angular resolution. A wide family of configurations is possible and the first paper con-
centrated on simple systems for gamma-ray energies. The main problems arise from the very long focal lengths
involved (~10° km) and from chromatic aberration in the focussing system. Ideas are presented here that could in
some circumstances allow the focal length to be reduced by many orders of magnitude. In addition it is shown how
lenses which are to first order achromatic might be constructed. Finally, the possibility of using similar optical
components for X-ray and gamma-ray interferometry is discussed.

Key words. telescopes — methods: observational — techniques: interferometric — gamma-rays: observations — X-rays:
general
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(a) Fresnel Zone Plate (FZP)1/!'' " 10%

(c) Phase Fresnel Lens (PFL) I I"H##S$
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VTXO PFL Imaging Performance at 1 km focal length
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"-ray m-size PFL examples: but with 10" meter focal length!

Table 1. Properties of some diffractive lenses used in laboratory systems and of some example systems of the type proposed

| matbzeady . . . i - here for gamma-ray astronomy.
Example reported laboratory systems Example diffractive lens
st Reference (a) (b) (c) telescopes
Energy (keV) 0.4 8,20 8 200 500 847
g e Type FZP PZP Stepped PFL PFL
5 ° Material Ge Au Ni Al
g . Maximum thickness, t (um) 0.18 16,3 45 450 1200 1900
i3 | Shortest period, p (zm) 0.06 05 2 2500 1000 590
Aspect ratio (t/p) 3 32,6 2.25 0.5 1.2 2.0
d Focal length f (m) 8x 1074 3,75 1 10°
Diameter (d) (mm) 0.08 0.19 0.15 5000
off n i s L n ] f-number (Fuo) 1 1600, 4000 6700 2 x 10°
e e o c'v«‘;a:-v) o 0 0 Theoretical diffraction-limited
- : ! ! 1 resolution:  Spatial (u m) 0.035 0.3 1.2
Angular (arc sec) 03x107% | 0.12x 107¢ | 0.07 x 107

References: (a) Spector et al. (1999) (b) Chen et al. (1999) (c) di Fabrizio & Gentili (1999).

8
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: o ‘

2 Table 2. Expected performance and comparison with other missions.

Integral SPI | Integral Ibis Example Diffractive Lens
Spectrom. Imager Telescopes
o . ; Focal length (m) 1.7 3.2 10°
0 1000 1500 2000 -
Energy (keV) Band (keV) — fixed configuration 20-8000 15-10 000 200+ 0.8 500 £ 0.9 847+ 1.0

Fig.4. a) The predicted response as a function of energy of Band (keV) for 50% response 125-500 325-1200 540-2100
a PFL lens optimised for one energy of 500 keV but used at with separation adjusted
different energies. The lens parameters are as in Table 2 . The Effective area (m?') (1) 0.009 0.05 121 6.4 4.4
signal in a detector pixel of 2 (narrowest), 10, 20, 30, 40 mm . m

. . . Angular resolution (u")
diameter is shown. The curves are computed using a method o 10 9 ) . .
based on the work of Lommel (Boivin 1952) and do not take (intrinsic) 10 10 0.3 0.12 0.07
into account absorption. Results from a Monte Carlo simu- (with chromatic aberration) 1.7 0.7 0.5
lation with absorption taken into account are shown for the Sensitivity'2
10 mm case and show that the corrections are small. b) The - . (3) -6 . —9 ‘ 9 ‘ 9
response of PFLs optimised for 200, 500 and 847 keV if the de- Contmul.lm @ . s 1.6 x 10 2.5 x 1(_)10 4x10 g 45x 10_9
tector is moved to an appropriate focal position for each energy. Narrow Line 2.5x 10 8 x 10 L5 x 10 1.8 x 10

(Monte Carlo method; absorption effects included) The curve

from a) for a 10 mm detector is shown dashed for comparison. () At 500 keV for SPI/Ibis; Detector efficiency and 20% provision for lens imperfections taken into account.

) Sensitivities are for a point source. For the example PFL telescopes, the background taken is based on SPI predictions, scaled
to 1 cm?, corresponding to 2 u”.

() Photons cm™2 s™! keV~! for 5¢ in 1 day, E = 500 keV, dE = 250 keV (Ibis).

8/22/24 ) Photons ecm™2 s™! for 50 in 10° s, (SPI figure is for 500 keV').



Tidbits from Gerry ...

Fresnel Lens Parameters

o 1.Diffraction-limited angular resolution,
/ 03=122A/d= 0.1 p"” (500 keV)
¥ ' 2. Detector spatial resolution limit,
0, =Ax/f=0.4 p" (2 mm pixels)

3. Chromatic aberration limit,

Area: 20 m? 0,z = 0.2 (AE/E)d/f)=1 p"
Material: Al T
Efficiency: > 95% (AE=2.5 keV)

Limiting resolution: 1p arc sec
Focal Length: 5x106 km

~1 mm feature size

Science Motivation

* i’ angular resolution enables °
unique science, e.g. resolving the i
event horizons around black holes >
~5 7~
« Gamma-rays offer a mechanism 2% B i 1
to view these object with high L% E
angular resolution as 0, =1.22A/d 2.
¥ 2
* Nuclear lines Studies: Tl
SN: 3¢Co (847 keV) "
Novae: 'Be (478 keV) é
04E,=200keV)=03 p” (Smlens) = ° " oz

Performance gain (compared to INTEGRAL IBIS):
*12’ > u" ie. ~10° improvement in angular resolution
* 5 m PFL — ~ 5000 improvement in sensitivity

» A PFL-based mission can achieve this angular resolution with high source
sensitivity: Is this mission feasible?

8/22/24 PFL Primer : JFK 13
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Zone Plates and Fresnel Diffraction

Fresnel (half-period) Zone:
r,2=nfA+n?A2/4 =~ nf) for nA « f

Assuming:

spherical wavelets

~n/2| A, | =20 | A, | forn=40

Note: A ~ | A, | /2 for unobstructed wave

— 1600 intensity enhancement at f= r,2/(n})

However, 1/2 of the amplitude is blocked and there £ oy J I

are higher order real and virtual foci

In 1888, Lord Rayleigh suggested that instead of blocking each alternate zone, the material

in each alternate zone should be that to retard the phase by © and thus increase the

Huygens-Fresnel Principle: at any instant every point
on primary wavefront is considered a secondary emitter of

Kirchhoff obliquity factor: K(0) = 1/2 (1 + cos 0) -
Equivalent :

A=A |-1A | +]A;sl-...| Al (all zones)
Ac =-(| Ay | + | Ay | + ... | Ayl) (even zones)

. . G. Skinner
Chromatic aberration
(a)

Optical

...---"achromai

2) One can reduce the effect

Achror 'tic Pairs

X-ray /Gamma-ray

Simple PZF ‘

PZF with stepped
\ refractive
compensation

amplitude at f. Approximately 10 years later, Robert Wood demonstrated this principle.

8/22/24
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= 3 389.6 426.8 37.2
= 4 461.0 492.8 318
. 5 522.7 551.0 28.3
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8 674.8 696.9 221
9 718.4 739.2 20.8
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18 1030.8 1045.4 14.6
19 1059.8 1074.1 14.2
WC==,+.D% 20 1088.1 1102.0 13.9
21 1115.6 1129.2 135
! -\*+/--<--$2n)3/n$++/&_*2)"&$+7"$+")3/" 22 1142.5 1155.7 13.2
. 23 1168.8 1181.7 12.9
2(3/. )$(K 24 1194.5 1207.1 12.6
1" n n * _Eno maonp! L 25 1219.6 1232.0 124
"US+72"7/)"1&*7&122$V/-5"2."--1&™"2"&'0%: 2= o443 o564 51
$+(&/'2/12K 27 1268.4 1280.4 11.9
T AT A na oy A " 28 1292.2 1303.9 11.7
MZ((:&'(5™%"&$+7"1-'(/./+)"+0"1$0)3 29 1315.4 1326.9 115
" 1%Q) 30 1338.3 1349.6 11.3
V/&5"$.1 &) +)K 31 1360.8 1371.9 11.1
!||U$+72||+//OII)*||C/III2|I(_*2/")*II($&(:_l&ll|2ll 32 13829 13939 109
% 33 1404.7 1415.5 10.8
1*223C-/K 34 1426.2 1436.8 10.6
! 'Z((Z&'(S"*%"3/$73)"DRK<"Z E"$2" *&/" gz ijg;-i ij?;-j 18-;‘
%*&7TSVI+HRBLV'&S$'+(/'d EK 37 1488.7 1498.8 102
PFL Primerss JFK 1508.9 1518.9 10.0
8/22/24 39 1528.9 1538.8 9.9
A0 15482 A 156Q A4 0 Q




