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k p � α a�)^g>{MgMÆ*FC	y^�0F TALYS x
gdMÆ*�	�2� 12C 4.438 MeV dE`��"d6
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7 1 ������Yfz��:7
Fig. 1 Flowchart of solar gamma-rays calculationagMÆ*��8 P + 12C → P + 12C; P + 14N → X + 12C; P + 16O → X + 12C, ,w

P Et�i α a�� X E,�E�9_gb=M�MÆ*�	�2�6 2.

7 2 TALYS z�faiv
 (a) R α 

 (b) � C � N � O I
O�3:` 4.438 MeV A
i�,��
Fig. 2 Cross sections for the production of 4.438 MeV line by interactions of proton (a) and α (b)

projectiles with C, N, O as calculated by TALYS

TALYS m�x
�'�iE 250 MeV ga�gÆ*�	��<1'�iga��,Æ*�	6=:d_	0;M�p
��uz�U� (∼10−12 s), U'�a�gXk\gdÆF
|g{MUp
[

r��~���jd�~WdU�(T).�'U~L	P��["�\|"�FCE�Yg	)�1�℄1�%=}�
x
(dwP	2� 4.438 MeV dE`�Br_��U/w C �O �|�'�P���+t�� αa�> C � O G�g"��1�x
U,2~
a��(.	\g(dwP	



3 + > HlÆ_3 TALYS z�������Yf 223�[KWa�-m2|�K�5��U/ C � O D��|! [C]/[O]=0.50, #%KWa��s�(j� (s) i α/p i� 4.438 MeV dwP

_%b	UKWt��(g2g.	\�,2g α/p i9_,2g(dwP	℄ α/p=0.10 f�(dgwP��RÆ
p+C P p+O g6a (6 3(a)); �℄ α/p=0.50 f� α+C g6a%d1~�_�(dwP��� α/p igX~�%L (6 3(b)). U α/p ig2g.	\�,2gt�(�Kfg(dwP,2	℄~
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7 3 �\ C/O �~"G 0.50 g�V-3v
* (s) R / j α/p "i/�℄�6:.n3~�0i����

���W1�3g:`i 12C 4.438 MeV i*fxQ (if�n), -yrfÆ p + 12C → p + 12C* + γ; �fÆ p + 16O → X + 12C* + γ; rafÆ α + 12C → α + 12C* + γ; rrafÆ α + 16O → X + 12C* + γ

Fig. 3 The profiles of 4.438 MeV line from different reactions for the flares with isotropic energetic

particle distribution (solid line). Four reactions are also shown (dotted line: p + 12C → p + 12C* + γ;

dashed line: p + 16O → X + 12C* + γ; dot-dashed line: α + 12C → α + 12C* + γ; dot-dot-dashed line:

α + 16O → X + 12C* + γ). [C]/[O]=0.50 is assumed in the calculation
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7 4 T�-3H�Lri6:n℄.n3~�0i����

���W1�3g:`i 12C 4.438 MeV i*fxQ (if�n). -y��fGfuLr�-�fi$&37 3

Fig. 4 The 4.438 MeV line profiles (solid line) produced by accelerated particles with a DI distribution

from different locations of flares interacting with solar atmosphere. Vertical dashed line labels the position

of line center. The definitions of other lines are the same to Fig. 3

3.2.1 O
Wd��KWa��igX~��MwgM�
eP2o1'�u�5,{MG��6<,p
��u��}��E�0Fg�P2i℄;%Æ*9_,�b=G�M�|�
W1�g�~Wd	0;^qO
WdgÆ*�	�o�*5Æ*��g�i�i��'�� U���~Wd�Ww�^qO
Wd���U4
Wdf\	 100 MeV t�> 56Fe P 24Mg �1E`�0F6 5 P�E 
`� p+Fe _�gMd��=F 2 000.�*5:U���io< 4 MeV, Br_MÆ*FCwg�'U~Lp*�^qO
Wd
e^g{w�(PP�
,tEf�(��< p+Mg gÆ*�9_gMd���U�q�*5�i�.d1B�q�^>P�U TALYS w[qg Ns i8= (Ns=25). (E�< Fe G��p 25 ,�ug�iE 4.301 MeV, � 9_gMd�i�{m<^,i
(Ui=H"�igMdRÆ,�b=Mg6a�J 54Fe g 4.579 MeV � 52Cr g 4.816

MeV d). ��< Mg G��p 25 �ug�iE 9.516 MeV, (P�9_gMd�.�D�
1B	�8'<p Ns �u Tg�W
�E�SÆ*f�(	
3.2.2 �SÆ*PB%VÆ*P�U3	'_�TALYSwp
M�U'<p Ns �ufgP2�Ef�(
W	̂q�W�N'�uf�P2gf�
W r'�u>XQgm�ugP2
W	TALYS0F�u�|J��.x
^V�SÆ*9_g�~Wdf�(g�.P4|	P=�U��MÆ*w��SMUS_4x%Vf3M<B%V
W���Pfg�W,����uf�gP2�(P�Q
?xH��g%x�i	TALYS �x
kPfgf�(�Wzl�"FC�?EB%VÆ*	6 6 E�SÆ*PB%VÆ* rw~O
Wd[gf�(zl	2� 100 MeV t�> 56Fe P 24Mg �1E`	
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Table 1 Line center energy, nuclear reaction, mean life and branch ratio of excited

level of explicit gamma-ray lines from solar flare

Energy(MeV) Transition Reaction Mean life(10−12 s) Branch ratio

0.429 7Be∗0.429
→ g.s. 4He(α, x)7Be 0.133 100

0.440 23Na∗0.440
→ g.s. 24Mg(p, x)23Na 1.11 100

0.478 7Li∗0.478
→ g.s. 4He(α, x)7Li 0.073 100

0.718 10B∗0.718
→ g.s. 12C(p, x)10B 707 100

16O(p, x)10B

0.844 27Al∗0.844
→ g.s. 28Si(p, x)27Al 35 100

0.847 56Fe∗0.847
→ g.s. 56Fe(p, x)56Fe 6.07 100

56Fe(α, x)56Fe

1.369 24Mg∗1.369
→ g.s. 24Mg(p, x)24Mg 1.35 100

24Mg(α, x)24Mg

1.634 20Ne∗1.634
→ g.s. 20Ne(p, x)20Ne 0.73 100

20Ne(α, x)20Ne
24Mg(p, x)20Ne

1.779 28Si∗1.779
→ g.s. 28Si(p, x)28Si 0.48 100

28Si(α, x)28Si
32S(p, x)28Si

2.000 11C∗2.000
→ g.s. 12C(p, x)11C 0.007 100

2.230 32S∗2.230
→ g.s. 32S(p, x)32S 0.17 100

32S(α, x)32S

3.737 40Ca∗3.737
→ g.s. 40Ca(p, x)40Ca 42 100

40Ca(α, x)40Ca

4.438 12C∗4.439
→ g.s. 12C(p, x)12C 0.061 100

12C(α, x)12C
14N(p, x)12C
14N(α, x)12C
16O(p, x)12C
16O(α, x)12C

4.444 11B∗4.445
→ g.s. 12C(p, x)11B 100

12C(α, x)11B

5.105 14N∗5.106
→ g.s. 14N(p, x)14N 4.35 100

14N(α, x)14N
16O(p, x)14N
16O(α, x)14N

5.240 15O∗5.241
→ g.s. 16O(p, x)15O 2.25 100

16O(α, x)15O

5.269 15N∗5.270
→ g.s. 16O(p, x)15N 1.79 100

16O(α, x)15N

6.129 16O∗6.129
→ g.s. 16O(p, x)16O 0.018 100

16O(α, x)16O
20Ne(p, x)16O
20Ne(α, x)16O

7.115 16O∗7.117
→ g.s. 16O(p, x)16O 0.008 99.9

16O(α, x)16O
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24Mg ! 56Fe gO
Wd�iU�*5�i�.�D1B�(PU�	6T_mH1�g02�9%a	 56Fe f�(�	g02�9��KWa�g�i
_%b (6 8).

7 5 TALYS z�i 100 MeV v
� 56Fe R 24Mg �3:`P�Yfi���7 (a) R7 (b) �O�)G 56FeI
O� 24Mg I
O
Fig. 5 Cross sections for weak lines from 100 MeV proton projectiles interacting with 56Fe (a) and 24Mg

(b) as calculated by TALYS

3.2.3 Æm�1�'Up*MLdp~
g{M>��U/w H � He j6G��1[{_<p
�p	~
{M6< ℄58UUgGk
|�U> H � He "�FCw�
�og�i�p
[g{MU'
Rzw
W�~��	(P�UÆm�1\
Wg<p
d58U4g�'Up*�9_g(d�_~L	U�~Wd�(w��.MLdgw~/��k�.f�(	MLdgx
V�4
Wd��g4|;9<~
{M�| r~
{Mg�(	
3.3 dw|!6.�
�Xit�;�MZoT)?aU��
_FCw�O{ejdUiga��~
	̂ q~
a���Odd�K�*Xk^7g��U/G�	0;P�FEMÆ*�19pU�|g��'g^7U/w�(PE �[~
a�>��U/�1gMÆ*FCUZ��xw {�PfY,MÆ*
W�~Wdg9t5l [14] E

Nγ = nj

∫ Emax

ETh

σij(Ep)

dE/dx
dEp ×

∫ Emax

Ep

Ni(E
′

p)dE
′

p , (1),w nj E�MG�g�|�ETh EÆ*�i�i� σij E i P j a�"�9_"MdgMÆ*�	��	�26 TALYS x
gd� dE/dx E~
a�g�i�
t� Ni E~
a�g�(�.	UP�gx
w���U/D��|P~
a���;EEv4��*�[~
a
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7 6 7 (a) R7 (b) �)G 100 MeV v
� 56Fe � 24Mg �3:`ig�*�� (if�n), �OP�Yf��T�,RC&W�,�-yrfGC&W�,7b��fG�T�,7b
Fig. 6 Cross sections for continua (solid line), including weak lines, the compound continua (dashed line)

and the pre-equilibrium continua (dotted line) from 100 MeV proton projectiles interacting with 56Fe (a)

and 24Mg (b), respectively

7 7 �7 6 W��7 (a) R7 (b) �)G 100 MeV v
� 56Fe � 24Mg �3:`ig�*�� (if�n), �fG�T�,7b
Fig. 7 Cross sections for unresolved-line continua (solid line) from 100 MeV proton projectiles interacting

with 56Fe (a) and 24Mg (b), respectively. Dashed lines represent the contribution from compound continua
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7 8 �j�)G 10 MeV � 50 MeV R 100 MeV iLYv
� 56Fe �3:`ig�*��
Fig. 8 Cross sections for unresolved-line continua from 10 MeV, 50 MeV and 100 MeV proton projectiles

interacting with 56Fe��(���s�.�
N(E) = N0E

−s . (2)�i�
t dE/dxjYK<|�a�g%;�
�i�Æ/�t�~
a�g�l p�����Ih,2� [15]: �pIy"��
�	pM"��
	 SRIM (Stopping

and Range of Ions in Matter)C� [16] ℄1i�d��
x
X�>G�g"����X�URtwg�i�
PK�%b	P�0F SRIM x
~
a�U��U/wg�i�
t (6 9). U���~Wdx
w�MÆ*��g~
a�YK�iU< 1 MeV. J6 9 �m�".	\g�i�
��EIy"��M"��
E ℄v,x	Pf�i�
x
E 1UKg��zl�~�EPP�Ux
w)K Bethe 5l [17] R�~�i�
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Fig. 9 SRIM calculation of the stopping power for ions in the solar atmosphere, which is composed by a

mixture of 90% H and 10% He. Dotted and dashed lines represent the contributions from Coulomb
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Fig. 10 Total solar gamma-ray spectra (solid line) from isotropic accelerated ions interacting with solar

atmosphere ambient medium. The composition of accelerated ions and the abundances of ambient solar

atmosphere refer to Reames[18]. Dashed lines represent the contribution from broad linesP=�P�
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The Calculation of Solar Gamma-rays by TALYS

CHEN Wei1,2 GAN Wei-qun1
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ABSTRACT Solar gamma-ray lines, produced from nuclear reactions of accelerated parti-

cles interacting with solar atmosphere ambient medium, are the most direct diagnosis about

the acceleration and transport of electrons and ions in solar flares. Analysis of gamma-ray

line spectrum in solar flare has provided information about composition, spectrum and an-

gular distribution of the accelerated ions, as well as elemental abundance of the ambient

solar atmosphere. A new gamma-ray calculation program was developed by using an effi-

cient nuclear code — TALYS. The theory of gamma-ray production in solar flares is treated

in detail. In addition, the characteristics of gamma-ray spectrum are also presented.
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