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.
�G�IOo��G>�"R�j(/�~*>�x_tU�℄YO,x_>�:>�)℄EN�3~��GN\�9�3���Æ��3��/jtU��HfgM�j"R�(
S��SG"R�
(
��	h	Q��j,��ntU>�3n�pr�o,ztU�j>�)℄℄;{j�;�L�$<Q>��
)R��ztU�4��GUj�)e�+4(�~*R�x_tU��nprx_tU��N\jtU�3(�Æ��Z��/3��9E3prtU>��BZ�fg�,Æ�Ej"R�(
S�
X�G2�{jlprtU>�Hfg1� (��Æ�) j"R�(
S�Z	�(>��)e�a"X�R%/
oYR��)e�
Xn�<QR��fg�(j>��)e�Z 1980 �p 1 H� X HK�Ud�Æq MeV j>z�U�>��)eZ 8′′ d
2.3′′, �|(�GU�")gYD�j�F� Yohkoh/HXT (Hard X-ray Telescope ) �
RHESSI (Reuven Ramaty High Energy Solar Spectroscopic Imager) ℄d8�|(� /$jG5�Q���/℄>�x_tj�R�x_tjjug^-�a℄R��)eM>��)eXf℄l�j��0-9t�,�<=�Y�+d�'m�
Q,U0r�R_j��
_Mx_�Y�L�3B:3*j�H;��jj�8>�<=�3q�>�x_tU�g� X HKGU /$�jY�Jz�w(�
2 aq
6}C>z�G�| /$jtU>�!�=��e�9�~��=��edj>zm�jN�j"R�(
�{	gd<=('j�|-tj���U [4]. ��tU>���,ztU��G�o�,ztU���XN/ L jU��j>D�G�o,>D��jN\�j/N��
HK3�wjA��G�� 1(a) M� 1(b) �/.QYztU�j�t�m>Dj�
��� 1(a) 
�B�j℄�=����x
>zmm>z�W�����tU>�	y�o,ztU�X����,�=��
X��q,ztU�+�q,�=��� 1(b) 
jSC�/-Z>DjA��C$ d1, �C�/-ZA��C$ d2,A��/$ p = d1 + d2 (j%F�/), α ℄:H>K:"A�WUj�t�"�K�Xj|Æ�n:HÆ����z�j�=�℄���8<=j�	�|��jHÆTZ��$�����
X��>K"℄:H��=��[tlj�Rq[;�\h3u�:h	jGL
�	�BUs�L	p���{>D�℄LQj�~*LQ℄YA�W�$℄ �5O��j� X HK�-;e�p
��{'f*jGU(')��=�
Cj
`8)� #
CZg���[�
C?Gj�He�/2�;�\h3u�h��EUs�L�b
d1 = d2 R�LQ>Dj�He: 0∼50% T�Jk�lAÆ2i��X$ 50%. BtU
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Fig. 1 Sketch of collimator system. Profile of subcollimator/subdetector (a) and planform of grating (b)

� 2 !EvW�l�Jf
Fig. 2 Transmissivity of cosine collimator�$k�Im�j"R�pmF6�gd

T (α) =
1

4
+

2

π2
cos(

πα

αγ

) +
2

9π2
cos(

3πα

αγ

) +
2

25π2
cos(

5πα

αγ

) + · · · , (1)�
 αγ = d/L, �C d = p/2, �He� α 2{�\hUb�Wm(Y^23e�GU?G�A [5], a Φ = 2παL/p, 
X�
T (α) = cos(
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p
αL) = cos(Φ) = T (Φ) . (2)
$�Hej-\Y$ DIm�
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Tc = cos(Φ) = cos(
2π

p
αL) , (3)
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Ts = sin(Φ) = sin(

2π

p
αL) . (4)�
B, c -Z DtU�� s -ZPDtU��

� 3 !E (a) NQE (b) vW��u[
�
Fig. 3 Sketches of cosine collimator (a) and sine collimator (b)P� DtU�7�8G��ztU��o��ztU�Nb��,"R�(
S���tU>���,��Æ�3���/3�jztU�8G��>�'�tEjo,s(
d�'�tE��yT�tU>�+Nb��,"R�P(
jGL [4]. tU>�

/ �=�"�|-tjz�Z	�m>Dj��Z	��/9� 4 M� 5 ~Z�� 4×4, DztU�$Qrw�PDtU��L�� 5 
Z.QY DtU��>Dj��Æ� β $�K y lPXjÆ��

� 4 vW?� / �?�lsQ|	[
�
Fig. 4 Geometric sketch of the collimator sys-

tem/detector

� 5 �El��[
�
Fig. 5 Positions of the collimators
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pmax (�℄�/) M L 2{� M = pmax/L. 
C�>D�j℄Z2{�P�ij>D&D" L j#X+℄
Cj℄Z�>Dj�/���Æ�m
C�: 3.1 �
P��G�gC3q�i_,s,j��_$E��� 4 
)� (x, y) U�:HÆ$ α′ (:H>K" z lj|Æ) js,���d>D�,>
�9� 6 ~Z� AO $ α′ j���
AC = x, AB = y, B AD n$ α j���� α′ r
$ α, �

α = AD = AE + ED =
x

cosβ
+ (y − x tan β) sin β = x cosβ + y sin β . (5)

� 6 ;J�lsQ���
Fig. 6 Geometric projection of incidence angle�L,j��$ N , Bo,�=�ugj>zm$

Vc = N · Tc = N · cos(2π(xu + yv)) , (6)

Vs = N · Ts = N · sin(2π(xu + yv)) , (7)�
 u = L cos β
p

, v = L sin β
p

. /	�Sy,;�℄�,s,��;�℄t,�IO3q�,�tL�$?&_,s,jz~�Bo,�=�=gj>zm
$?&_,s,�H>zmjz~�L,�tj>z���5$ B(x, y), B�=�=gj>zm;-Z$	
Vc =

∑

x

∑

y

B(x, y)Tc , (8)

Vs =
∑

x

∑

y

B(x, y)Ts . (9)� (9) YK i ~E (8) Y�
V = Vc + iVs =

∑

x

∑

y

B(x, y)(Tc + iTs) =
∑

x

∑

y

B(x, y) exp(2πi(xu + yv)). (10)



344 � . u � 52 1SyE�,�tj>z�� B(x, y) j�5℄(Sj��=�ugj>zm V :℄�Sj�(10) Yi�
'KB"R�P(
�B' B(x, y) n$
'KB"R�
(
��X;��� X HKGUjGLSa+℄"R�
(
jGL [6−8].

B(x, y) =
∑

m

∑

n

V exp(−2πi(xu + yv)). (11)

3 GEANT4 KN��
�i^"RU,���
GEANT41 ℄��z�Sz"7aN℄
�j7LGLj<��℄h�tX�YtjM C++ %y	6�j����_'�G(�7LML7L�~u�z��m�X_'M>�9tjw(m_'�(� GEANT4 �j>zumjz��%o�6�Bb=	�=�jqOb= (�GqO�8M9[b=) �*O\QBO�Sz"�ajN℄
��TEk 3 , C++ JT��a;�{��\~
JHB_z�GLmf)z�GL
BOjb=�

3.1 *��r���3��Wj>z:9[
jHL3��3�9[�N��Wj>zj�
�T�3��
X�qOÆ�03��-�
q:H>z�
0`r��LQjqO��6�gdJSj�=�R��~�n�7dSy=W
;�[:jqg$E	
(1) �N��Wj:H>z�3�j9[�
j$E3�	pBBy,t, 2 .QY-g9[�3��Wj>zj;e$E�"G#�5 (W) M
 (Mo) Ug9[�5j�
�T1��\�
(2) �3��Wj:H>z�N�j9[�
$E3�	yw:H>z�WjC~��{W�jD�9[�>zj�
"_���
(3) :D��9Wj$EB��L>z"℄:H�>z�;�Z&.�H�gC#�3�W�j3�9[� XHKj�
�T�IO� W M Mo$Q
#��� (12) Y;�uvQ X HK�7aj�He	

I/I0 = exp[−(µ/ρ)x] = exp[−(µ/ρ)ρt] , (12)�
 I0 M I �/$:H��MQH���µ $aW;e>m� ρ ℄7as��x $aWW�� t $W���L�He I/I0 o� 10% n6$� X HK3�w�uvgdj�E$	��Wo� 100 keV j>zZn 1 mm j5+;��
�
Bn� 2 mm; ��W\d 300 keV j>zn3 4 mm j5�;��
�
Bn�3 9.5 mm; ��W(\ 500 keVj>zn 9 mm j5:;��
�
Bn� 26 mm; ��1(�Wj>zn��WjN�9[:��R>z3��H�;<�- 1. $VGUj�W�#:q keV d 300 kev ���r� 4 mm Wj5��
1http://geant4.web.cern.ch/geant4/UserDocumentation/UsersGuides/IntroductionToGeant4/html/index.

html
2http://physics.nist.gov/PhysRefData/XrayMassCoef/chap2.html
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Table 1 Transmissivity of Tungsten (W) and Molybdenum (Mo) for photons

(unit: %)

Energy(keV) Tungsten(W): thickness(mm)

1 1.6 3.7 6.2 9 11 15 18 20

50 0 0 0 0 0 0 0 0 0

80 0 0 0 0 0 0 0 0 0

100 0.02 0 0 0 0 0 0 0 0

200 21.92 8.82 0.396 0.01 0 0 0 0 0

300 53.44 36.7 9.84 2.06 0.36 0.1 0.01 0 0

400 69.8 55.1 25.2 9.93 3.5 1.66 0.37 0.12 0.06

500 76.59 65.27 37.28 19.14 9.07 5.32 1.83 0.82 0.48

600 80.94 71.29 45.72 36.95 14.91 9.76 4.19 2.22 1.46

800 85.55 77.9 56.13 38 24.54 17.96 9.62 6.02 4.41

1000 97.98 81.47 62.26 45.21 31.58 24.45 14.65 9.98 7.72

Energy(keV) Molybdenum(Mo): thickness(mm)

1 2.1 9.5 17 22 26 29 25 40

50 0.02 0 0 0 0 0 0 0 0

80 9.02 1.48 0 0 0 0 0 0 0

100 26.08 9.52 0 0 0 0 0 0 0

200 74.29 59.45 9.51 1.49 0.43 0.16 0.08 0.02 0

300 84.44 74.38 26.21 9.11 4.5 2.56 1.68 0.72 0.36

400 87.95 79.88 36.18 16.22 9.5 6.19 4.49 2.36 1.38

500 89.72 82.7 42.36 21.5 13.68 9.53 7.26 4.22 2.69

600 90.82 84.48 46.66 25.56 17.11 12.42 9.76 6.03 4.04

800 92.2 86.76 52.59 31.66 22.58 17.23 14.06 9.37 6.68

1000 93.09 88.26 56.74 36.27 26.92 21.2 17.73 12.39 9.2$h	Q36j,U��/jr��Y$ p1 : p2 : · · · : pn = n : (n − 1) : · · · : 1,�
 n $POm�n�/jgm�0-�/jIgr��Y��Z�/�".{�B�℄�/�yT.{���h=�jtjq�J_��Zj>�C�Z�	d 15 µm, n
Pmin = 30 µm, 
X�X>Dj/Km�/jgm2{Y�)e"�RA'�- 2 .Q"G#�XgQjUg#�R_j>Dr�	r� I ℄ 8 g�/� 8 g��Æ�j>D�R��X>Dj/K$ 77 cm, �RA'�#$ 64′′, Æ�)e;\d 8′′;r� II ℄ 10 g�/� 10 g��Æ�j>D�R��X>Dj/K$ 124 cm, �RA'�#$ 60′′, Æ�)e;\d 6′′. IOn�rw�9EP� DtU�Æ n×n ,H
℄j`�+n� 2n×n ,ztU��SzRw�->Dj
℄BGUaW;/�J�\�a℄�>D
℄jGUaW���k��'�
X$Y�!hWmG"�IO3;��>Dj
℄�
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Table 2 Choices about the pitch and position angle of grating

Choice I p(µm)

L = 0.77 m 240 120 80 60 48 40 34.3 30 M(′′) D(′′)

0 1 1 0 1 1 0 1 1

30 0 0 1 0 1 1 0 1

45 1 1 0 0 0 0 0 0

β(�) 60 0 0 1 1 0 1 1 0 64 8

90 1 1 0 1 1 0 1 1

120 0 0 1 0 1 1 0 1

135 1 1 0 0 0 0 0 0

150 0 0 1 1 0 1 0 0

Choice II p(µm)

L = 1.24 m 360 180 120 90 72 60 51.4 45 40 36 M(′′) D(′′)

0 1 1 0 1 0 1 0 1 0 1

18 0 0 1 1 1 0 1 1 1 0

36 0 0 0 1 1 1 0 1 1 1

β(�) 54 0 0 1 0 1 1 1 0 1 1

72 1 1 1 0 0 0 1 0 0 0 60 6

90 1 1 0 1 0 1 0 1 0 1

108 0 0 1 1 1 0 1 1 1 0

126 0 0 0 1 1 1 0 1 1 1

144 0 0 1 0 1 1 1 0 1 1

162 1 1 1 0 0 0 1 0 0 0- 2 
j 1 M 0 �/-ZXU�>DM6>D�`��$fg-8tj<=
C�P�ij>D&D�℄� 2 cm, 
Xz�GL
D�j℄Z{$ 3 cm×3 cm. � 7 $�r� II $Q�� GEANT4 z�Qj>� /$jtU>�M�=�8���
dC�D$�=� (100 ,), EBU�IC�Dn$tU>���,IC�D^-�,>D�EBN�jU,>D+�GY�,ztU��7 100 ,ztU��P� D- 50 ,�� 7jtU>�℄Z"Sy℄Zj{�#Q$ 1:15.

3.2 �8�\*�X�0��n�D��,*s$�s��Ls (24′′, 48′′) U��,s,��m 3.1 �
jUgr�h	Qj�U�/9� 8(a) M 8(b). � 8(a) 
o+-Z 8′′, �RA'�#$ (64′′, 64′′); �
8(b) 
o+-Z 6′′, �RA'�#$ (60′′, 60′′).3�>Dm�R��_,s,jh	��R3wF�Bt#��,s,jh	��� 9(a) ℄� (24′′, 24′′) � (32′′, 32′′) � (40′′, 24′′) M (24′′, 40′′) 4 sGU�� 9(b) ℄�
(24′′, 24′′) � (30′′, 30′′) � (36′′, 24′′) M (24′′, 36′′) 4 sGU�;��� 9(b) j�)ewF(�� 9(a). �X;��b�X>Dj/K�{R�>Dj,m4���Uj�)e4(�X�Uh	v� [9] 3�_���_,s,jh	��;����K,j�Uh	�� 10(a) ℄- 2 
r� I � 8′′ K,jh	��� 10(b) ℄r� II � 6′′ K,jh	���� 8 ∼ 10 ;S�$h	v���+_��t,jh	�
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� 7 GEANT4 |	lvW?�
Fig. 7 Collimator system simulated by GEANT4

3.3 �82/*Æ4X| GEANT4 *Æ4XgC�z���_j$E�6&/Ujs,d\tU�>��$�l�jj>z��LIl>z7� 1 000 ,\Q��/x
 10 Y3��W�#j>zum�r�~,tU��Hj>zm	#���- 3.��>zWU:H�>zj�He�$ 50%, � 10 Y>zumj�3X;���WEG 300 keV j>z�ume�(�
X� GEANT4 z�>zumR�>zj:H�WnL℄$ 300 keV �B�#�- 2 
jUgr���RA'3$ 1′ ���	r� II j�)e(�\�
X3q�r� II �j GEANT4 z�um0h	,U��gdjh	� (� 11(a)) "qOuv>zm0h	gdj�U (� 11(b)) #���G	 GEANT4 z�gdj>zum1�RSy�>N1��1��Sy�� 11 
jUH��℄� (24′′,

24′′) � (48′′, 48′′) 2 sGU�
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� 8 `t-j��� (a) sA I j�Sl�W� (b) sA II j�Sl�W�
Fig. 8 Reconstruction images of single point source: (a) Choice I, (b) Choice II

� 9 �t-j��� (a) sA I j�Sl�W� (b) sA II j�Sl�W
Fig. 9 Reconstruction images of multipoint source: (a) Choice I, (b) Choice II� 8 ∼ 11 �℄��"R�
(
U�gdj�U�℄("G5OULj;��$Ygd1#:j�U�;�;�-g�UULv�	9 CLEANv��MEMv��PIXONv�M FORWARD-FITv�m�j��6UL�IO3q;� CLEANv���� 11(a)ULXgd� 12, �)e;\ 6′′. ULXgdj�U;��8�>N+w��1$!7j,UUL;�7d��v���fg1(jÆ�)e�
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� 10 M-lj��� (a) sA I � 8′′ M-lj��� (b) sA II � 6′′ M-lj��
Fig. 10 Reconstruction images of linear source: (a) Choice I for the source with a size of 8′′, (b) Choice II

for the source with a size of 6′′� 3 ���P!�℄LE%d+��_SQ�
Table 3 Transmission of sub-collimator for photons in different energy ranges

Energy range(keV)

50 ∼ 100 100 ∼ 200 200 ∼ 300 300 ∼ 400 400 ∼ 500

490 511 502 533 561

497 485 527 507 575

493 496 520 541 562

511 510 524 516 566

492 484 527 510 550

502 473 527 545 539

508 482 486 525 556

480 490 527 505 559

485 493 490 515 586

466 496 488 520 587

Average 492.4 492 511.8 521.7 564.1

4 :G"G GEANT4 z��|� X HK /$jGUGL�ugj>zm� MATLAB h	�U0�jUL��{��9B	;� 3 cm×3 cm×4 mm j�XU��jj5��9[$r_Æj�=�x
>zm�>Dj��Æ�m�/j℄Z;<7- 2 
jr� II,7 50 �ztU� (50 ,PDztU�� 50 , DztU�), O,tU>�j℄Z3$
40 cm×40 cm×140 cm, h	�Uj�)e$ 6′′, �RA'$ 60′′, 
C$-8t�Ek�Uh	�℄h�
`l3prj /$�n>�x_ /$�_�� 3 l0
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� 11 <�� (a) GEANT4 |	�|oiflj��� (b) sQwx�|oiflj��
Fig. 11 Dirty maps: Reconstruction images of photons simulated by GEANT4 (a) and photons calculated

with geometric algorithm (b)

� 12 # CLEAN xÆVNZl�W (��*f& 6′′)

Fig. 12 Clean map image obtained with the ClEAN algorithm (angular resolution is 6′′)
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A Simulation Research on the Solar Hard X-Ray
Imaging Telescope

TENG Teng1,2,3 WU Jian1,2 CHANG Jin1,2

(1 Purple Mountain Observatory, Chinese Academy of Sciences, Nanjing 210008)
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ABSTRACT High-energy phenomena always play an important role in solar research field.

Observations of hard X-ray/gamma-ray can be divided into images and spectra, both of

which give clues to reveal the secret of the energy release of solar flares. Instead of conven-

tional imaging technique using mirrors or lens, which cannot work in energy above a few

keV, direct imaging, coded aperture and Fourier transform are used for high-energy imaging.

Fourier transform technique stands out because of its high sensitivity and high reliability.

It can be implemented in various hardware configurations, among which spatial modulation

collimator and rotating modulation collimator are widely used. Modulation collimator type

hard X-ray imaging telescope is currently widely used in solar observation. For the possible

Chinese solar mission in the near future, we make a design of hard X-ray imaging telescope

using the common simulation software, GEANT4. The results are closer to the fact com-

pared with the traditional geometric algorithm. An executable design is also proposed at

last.
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