
Nucleosynthesis 
Lecture 2: Thermonuclear reactions



Overview

• Lecture  1:  Introduction & overview                                                                       April  18
• Lecture  2:  Thermonuclear reactions                                                                      April 25
• Lecture  3:  Big-bang nucleosynthesis                                                                        May 2
• Lecture  4:  Thermonuclear reactions inside stars — I (H-burning)                            May 7
• Lecture  5:  Thermonuclear reactions inside stars — II (advanced burning)            May 16
• Lecture  6:  Neutron-capture and supernovae — I                                                   May 23
• Lecture  7:  Neutron-capture and supernovae — II                                                   June 6
• Lecture  8:  Thermonuclear supernovae                                                                 June 13
• Lecture  9:  Li, Be and B                                                                                             July 4
• Lecture 10: Galactic chemical evolution and relation to astrobiology                       July 11

   Paper presentations I                                                                                             June 21
   Paper presentations II                                                                                            June 27



Why does the Sun shine?
Answer: the Sun shines because it is massive 

However, it can shine for billions of years only if nuclear reactions take place in its interior

Solar luminosity:

L� = 3.9⇥ 1033 ergs s�1
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Total rest-mass energy of the Sun

M�c
2 ' 2⇥ 1054 ergs
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If the entire mass is converted to energy at present luminosity then 
the Sun can keep on shining for 

M�c
2/L� ' 1.6⇥ 1013 years
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However, this is not realistic, since only a fraction of the mass can 
be converted to energy. 
 
Since different elements have different binding energies, 
fusion is the most likely energy source



Occurrence of nuclear reactions

Reactions take place at relatively low 
temperatures because of the “tunnelling effect” 
discovered by Gamow. 
Allows penetration at radii larger than classical 
capture radius. 

Capture probability:

Blackboard

Probability for “quantum” interaction

Characteristic length-scale of nuclear forces

Reactions can occur “classically” when

For the centre of the Sun:

R0 ' A1/31.44 fm
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Eparticle � V (R0) ' Z1Z2 MeV
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Eparticle = kTc ' k107 K ' 1 keV ⌧ 1MeV
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Probability for “classical” interaction
exp(�1000) ' 10�434
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P0 ' 10�20
<latexit sha1_base64="t7s/Lz0sxhLgVByZ9B2x/iOcDjM=">AAAB/nicdVDLSgMxFM34rPU1Kq7cBIvgxpIU6WNXcOOygn1AOw6ZNNOGZh4mGaEMA/6KGxeKuPU73Pk3ZtoKKnrgwuGce7n3Hi8WXGmEPqyl5ZXVtfXCRnFza3tn197b76gokZS1aSQi2fOIYoKHrK25FqwXS0YCT7CuN7nI/e4dk4pH4bWexswJyCjkPqdEG8m1D1tuijI4UDxgtxCjm/SsgjLXLqEyQghjDHOCa1VkSKNRr+A6xLllUAILtFz7fTCMaBKwUFNBlOpjFGsnJVJzKlhWHCSKxYROyIj1DQ1JwJSTzs7P4IlRhtCPpKlQw5n6fSIlgVLTwDOdAdFj9dvLxb+8fqL9upPyME40C+l8kZ8IqCOYZwGHXDKqxdQQQiU3t0I6JpJQbRIrmhC+PoX/k06ljFEZX52XmtVFHAVwBI7BKcCgBprgErRAG1CQggfwBJ6te+vRerFe561L1mLmAPyA9fYJfSyUfw==</latexit><latexit sha1_base64="t7s/Lz0sxhLgVByZ9B2x/iOcDjM=">AAAB/nicdVDLSgMxFM34rPU1Kq7cBIvgxpIU6WNXcOOygn1AOw6ZNNOGZh4mGaEMA/6KGxeKuPU73Pk3ZtoKKnrgwuGce7n3Hi8WXGmEPqyl5ZXVtfXCRnFza3tn197b76gokZS1aSQi2fOIYoKHrK25FqwXS0YCT7CuN7nI/e4dk4pH4bWexswJyCjkPqdEG8m1D1tuijI4UDxgtxCjm/SsgjLXLqEyQghjDHOCa1VkSKNRr+A6xLllUAILtFz7fTCMaBKwUFNBlOpjFGsnJVJzKlhWHCSKxYROyIj1DQ1JwJSTzs7P4IlRhtCPpKlQw5n6fSIlgVLTwDOdAdFj9dvLxb+8fqL9upPyME40C+l8kZ8IqCOYZwGHXDKqxdQQQiU3t0I6JpJQbRIrmhC+PoX/k06ljFEZX52XmtVFHAVwBI7BKcCgBprgErRAG1CQggfwBJ6te+vRerFe561L1mLmAPyA9fYJfSyUfw==</latexit><latexit sha1_base64="t7s/Lz0sxhLgVByZ9B2x/iOcDjM=">AAAB/nicdVDLSgMxFM34rPU1Kq7cBIvgxpIU6WNXcOOygn1AOw6ZNNOGZh4mGaEMA/6KGxeKuPU73Pk3ZtoKKnrgwuGce7n3Hi8WXGmEPqyl5ZXVtfXCRnFza3tn197b76gokZS1aSQi2fOIYoKHrK25FqwXS0YCT7CuN7nI/e4dk4pH4bWexswJyCjkPqdEG8m1D1tuijI4UDxgtxCjm/SsgjLXLqEyQghjDHOCa1VkSKNRr+A6xLllUAILtFz7fTCMaBKwUFNBlOpjFGsnJVJzKlhWHCSKxYROyIj1DQ1JwJSTzs7P4IlRhtCPpKlQw5n6fSIlgVLTwDOdAdFj9dvLxb+8fqL9upPyME40C+l8kZ8IqCOYZwGHXDKqxdQQQiU3t0I6JpJQbRIrmhC+PoX/k06ljFEZX52XmtVFHAVwBI7BKcCgBprgErRAG1CQggfwBJ6te+vRerFe561L1mLmAPyA9fYJfSyUfw==</latexit><latexit sha1_base64="t7s/Lz0sxhLgVByZ9B2x/iOcDjM=">AAAB/nicdVDLSgMxFM34rPU1Kq7cBIvgxpIU6WNXcOOygn1AOw6ZNNOGZh4mGaEMA/6KGxeKuPU73Pk3ZtoKKnrgwuGce7n3Hi8WXGmEPqyl5ZXVtfXCRnFza3tn197b76gokZS1aSQi2fOIYoKHrK25FqwXS0YCT7CuN7nI/e4dk4pH4bWexswJyCjkPqdEG8m1D1tuijI4UDxgtxCjm/SsgjLXLqEyQghjDHOCa1VkSKNRr+A6xLllUAILtFz7fTCMaBKwUFNBlOpjFGsnJVJzKlhWHCSKxYROyIj1DQ1JwJSTzs7P4IlRhtCPpKlQw5n6fSIlgVLTwDOdAdFj9dvLxb+8fqL9upPyME40C+l8kZ8IqCOYZwGHXDKqxdQQQiU3t0I6JpJQbRIrmhC+PoX/k06ljFEZX52XmtVFHAVwBI7BKcCgBprgErRAG1CQggfwBJ6te+vRerFe561L1mLmAPyA9fYJfSyUfw==</latexit>

P0 / E�1/2 exp(�2⇡⌘); ⌘ =
µ

2

Z1Z2e2

~E1/2
<latexit sha1_base64="zgpYtk5Gn+ql+QpWkYG8VYncWYs="></latexit><latexit sha1_base64="zgpYtk5Gn+ql+QpWkYG8VYncWYs="></latexit><latexit sha1_base64="zgpYtk5Gn+ql+QpWkYG8VYncWYs="></latexit><latexit sha1_base64="zgpYtk5Gn+ql+QpWkYG8VYncWYs="></latexit>



Energetics of nuclear reactions

Conservation of relativistic energy
Alternative notation:

X + ↵ ! Y + b
<latexit sha1_base64="hXq/fiEqoYZP/lpXKQQ0nSLFV4c=">AAACBXicbVBNS8NAEN34WetX1KMeFosgCCURQY8FPXisYD+kCWWy3TRLN9mwu1FK6MWLf8WLB0W8+h+8+W/ctjlo64OBx3szzMwLUs6Udpxva2FxaXlltbRWXt/Y3Nq2d3abSmSS0AYRXMh2AIpyltCGZprTdiopxAGnrWBwOfZb91QqJpJbPUypH0M/YSEjoI3UtQ/a+AR7wNMIsCdZP9IgpXjAd0YOunbFqToT4HniFqSCCtS79pfXEySLaaIJB6U6rpNqPwepGeF0VPYyRVMgA+jTjqEJxFT5+eSLET4ySg+HQppKNJ6ovydyiJUaxoHpjEFHatYbi/95nUyHF37OkjTTNCHTRWHGsRZ4HAnuMUmJ5kNDgEhmbsUkAglEm+DKJgR39uV50jytuk7VvTmr1K6KOEpoHx2iY+Sic1RD16iOGoigR/SMXtGb9WS9WO/Wx7R1wSpm9tAfWJ8/+rqW9Q==</latexit><latexit sha1_base64="hXq/fiEqoYZP/lpXKQQ0nSLFV4c=">AAACBXicbVBNS8NAEN34WetX1KMeFosgCCURQY8FPXisYD+kCWWy3TRLN9mwu1FK6MWLf8WLB0W8+h+8+W/ctjlo64OBx3szzMwLUs6Udpxva2FxaXlltbRWXt/Y3Nq2d3abSmSS0AYRXMh2AIpyltCGZprTdiopxAGnrWBwOfZb91QqJpJbPUypH0M/YSEjoI3UtQ/a+AR7wNMIsCdZP9IgpXjAd0YOunbFqToT4HniFqSCCtS79pfXEySLaaIJB6U6rpNqPwepGeF0VPYyRVMgA+jTjqEJxFT5+eSLET4ySg+HQppKNJ6ovydyiJUaxoHpjEFHatYbi/95nUyHF37OkjTTNCHTRWHGsRZ4HAnuMUmJ5kNDgEhmbsUkAglEm+DKJgR39uV50jytuk7VvTmr1K6KOEpoHx2iY+Sic1RD16iOGoigR/SMXtGb9WS9WO/Wx7R1wSpm9tAfWJ8/+rqW9Q==</latexit><latexit sha1_base64="hXq/fiEqoYZP/lpXKQQ0nSLFV4c=">AAACBXicbVBNS8NAEN34WetX1KMeFosgCCURQY8FPXisYD+kCWWy3TRLN9mwu1FK6MWLf8WLB0W8+h+8+W/ctjlo64OBx3szzMwLUs6Udpxva2FxaXlltbRWXt/Y3Nq2d3abSmSS0AYRXMh2AIpyltCGZprTdiopxAGnrWBwOfZb91QqJpJbPUypH0M/YSEjoI3UtQ/a+AR7wNMIsCdZP9IgpXjAd0YOunbFqToT4HniFqSCCtS79pfXEySLaaIJB6U6rpNqPwepGeF0VPYyRVMgA+jTjqEJxFT5+eSLET4ySg+HQppKNJ6ovydyiJUaxoHpjEFHatYbi/95nUyHF37OkjTTNCHTRWHGsRZ4HAnuMUmJ5kNDgEhmbsUkAglEm+DKJgR39uV50jytuk7VvTmr1K6KOEpoHx2iY+Sic1RD16iOGoigR/SMXtGb9WS9WO/Wx7R1wSpm9tAfWJ8/+rqW9Q==</latexit><latexit sha1_base64="hXq/fiEqoYZP/lpXKQQ0nSLFV4c=">AAACBXicbVBNS8NAEN34WetX1KMeFosgCCURQY8FPXisYD+kCWWy3TRLN9mwu1FK6MWLf8WLB0W8+h+8+W/ctjlo64OBx3szzMwLUs6Udpxva2FxaXlltbRWXt/Y3Nq2d3abSmSS0AYRXMh2AIpyltCGZprTdiopxAGnrWBwOfZb91QqJpJbPUypH0M/YSEjoI3UtQ/a+AR7wNMIsCdZP9IgpXjAd0YOunbFqToT4HniFqSCCtS79pfXEySLaaIJB6U6rpNqPwepGeF0VPYyRVMgA+jTjqEJxFT5+eSLET4ySg+HQppKNJ6ovydyiJUaxoHpjEFHatYbi/95nUyHF37OkjTTNCHTRWHGsRZ4HAnuMUmJ5kNDgEhmbsUkAglEm+DKJgR39uV50jytuk7VvTmr1K6KOEpoHx2iY+Sic1RD16iOGoigR/SMXtGb9WS9WO/Wx7R1wSpm9tAfWJ8/+rqW9Q==</latexit>

X(↵, b)Y
<latexit sha1_base64="Ohk7+wnsQ+Nkkvp6+CeMKegZ43Y=">AAAB83icbVBNS8NAEJ34WetX1aOXYBEqSElE1GPBi8cK9kOaUCbbTbt0s1l2N0Ip/RtePCji1T/jzX/jts1BWx8MPN6bYWZeJDnTxvO+nZXVtfWNzcJWcXtnd2+/dHDY1GmmCG2QlKeqHaGmnAnaMMxw2paKYhJx2oqGt1O/9USVZql4MCNJwwT7gsWMoLFS0K4EyOUAz6Ozx26p7FW9Gdxl4uekDDnq3dJX0EtJllBhCEetO74nTThGZRjhdFIMMk0lkiH2acdSgQnV4Xh288Q9tUrPjVNlSxh3pv6eGGOi9SiJbGeCZqAXvan4n9fJTHwTjpmQmaGCzBfFGXdN6k4DcHtMUWL4yBIkitlbXTJAhcTYmIo2BH/x5WXSvKj6XtW/vyzXrvI4CnAMJ1ABH66hBndQhwYQkPAMr/DmZM6L8+58zFtXnHzmCP7A+fwB1FWQ2A==</latexit><latexit sha1_base64="Ohk7+wnsQ+Nkkvp6+CeMKegZ43Y=">AAAB83icbVBNS8NAEJ34WetX1aOXYBEqSElE1GPBi8cK9kOaUCbbTbt0s1l2N0Ip/RtePCji1T/jzX/jts1BWx8MPN6bYWZeJDnTxvO+nZXVtfWNzcJWcXtnd2+/dHDY1GmmCG2QlKeqHaGmnAnaMMxw2paKYhJx2oqGt1O/9USVZql4MCNJwwT7gsWMoLFS0K4EyOUAz6Ozx26p7FW9Gdxl4uekDDnq3dJX0EtJllBhCEetO74nTThGZRjhdFIMMk0lkiH2acdSgQnV4Xh288Q9tUrPjVNlSxh3pv6eGGOi9SiJbGeCZqAXvan4n9fJTHwTjpmQmaGCzBfFGXdN6k4DcHtMUWL4yBIkitlbXTJAhcTYmIo2BH/x5WXSvKj6XtW/vyzXrvI4CnAMJ1ABH66hBndQhwYQkPAMr/DmZM6L8+58zFtXnHzmCP7A+fwB1FWQ2A==</latexit><latexit sha1_base64="Ohk7+wnsQ+Nkkvp6+CeMKegZ43Y=">AAAB83icbVBNS8NAEJ34WetX1aOXYBEqSElE1GPBi8cK9kOaUCbbTbt0s1l2N0Ip/RtePCji1T/jzX/jts1BWx8MPN6bYWZeJDnTxvO+nZXVtfWNzcJWcXtnd2+/dHDY1GmmCG2QlKeqHaGmnAnaMMxw2paKYhJx2oqGt1O/9USVZql4MCNJwwT7gsWMoLFS0K4EyOUAz6Ozx26p7FW9Gdxl4uekDDnq3dJX0EtJllBhCEetO74nTThGZRjhdFIMMk0lkiH2acdSgQnV4Xh288Q9tUrPjVNlSxh3pv6eGGOi9SiJbGeCZqAXvan4n9fJTHwTjpmQmaGCzBfFGXdN6k4DcHtMUWL4yBIkitlbXTJAhcTYmIo2BH/x5WXSvKj6XtW/vyzXrvI4CnAMJ1ABH66hBndQhwYQkPAMr/DmZM6L8+58zFtXnHzmCP7A+fwB1FWQ2A==</latexit><latexit sha1_base64="Ohk7+wnsQ+Nkkvp6+CeMKegZ43Y=">AAAB83icbVBNS8NAEJ34WetX1aOXYBEqSElE1GPBi8cK9kOaUCbbTbt0s1l2N0Ip/RtePCji1T/jzX/jts1BWx8MPN6bYWZeJDnTxvO+nZXVtfWNzcJWcXtnd2+/dHDY1GmmCG2QlKeqHaGmnAnaMMxw2paKYhJx2oqGt1O/9USVZql4MCNJwwT7gsWMoLFS0K4EyOUAz6Ozx26p7FW9Gdxl4uekDDnq3dJX0EtJllBhCEetO74nTThGZRjhdFIMMk0lkiH2acdSgQnV4Xh288Q9tUrPjVNlSxh3pv6eGGOi9SiJbGeCZqAXvan4n9fJTHwTjpmQmaGCzBfFGXdN6k4DcHtMUWL4yBIkitlbXTJAhcTYmIo2BH/x5WXSvKj6XtW/vyzXrvI4CnAMJ1ABH66hBndQhwYQkPAMr/DmZM6L8+58zFtXnHzmCP7A+fwB1FWQ2A==</latexit>

X
<latexit sha1_base64="bMkF3/VsJ7Ispeg+HewbMeZUOmQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeCHjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmt3O/84RK81g+mGmCfkRHkoecUWOlZndQrrhVdwGyTrycVCBHY1D+6g9jlkYoDRNU657nJsbPqDKcCZyV+qnGhLIJHWHPUkkj1H62OHRGLqwyJGGsbElDFurviYxGWk+jwHZG1Iz1qjcX//N6qQlv/IzLJDUo2XJRmApiYjL/mgy5QmbE1BLKFLe3EjamijJjsynZELzVl9dJ+6rquVWveV2p3+VxFOEMzuESPKhBHe6hAS1ggPAMr/DmPDovzrvzsWwtOPnMKfyB8/kDtlOM3g==</latexit><latexit sha1_base64="bMkF3/VsJ7Ispeg+HewbMeZUOmQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeCHjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmt3O/84RK81g+mGmCfkRHkoecUWOlZndQrrhVdwGyTrycVCBHY1D+6g9jlkYoDRNU657nJsbPqDKcCZyV+qnGhLIJHWHPUkkj1H62OHRGLqwyJGGsbElDFurviYxGWk+jwHZG1Iz1qjcX//N6qQlv/IzLJDUo2XJRmApiYjL/mgy5QmbE1BLKFLe3EjamijJjsynZELzVl9dJ+6rquVWveV2p3+VxFOEMzuESPKhBHe6hAS1ggPAMr/DmPDovzrvzsWwtOPnMKfyB8/kDtlOM3g==</latexit><latexit sha1_base64="bMkF3/VsJ7Ispeg+HewbMeZUOmQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeCHjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmt3O/84RK81g+mGmCfkRHkoecUWOlZndQrrhVdwGyTrycVCBHY1D+6g9jlkYoDRNU657nJsbPqDKcCZyV+qnGhLIJHWHPUkkj1H62OHRGLqwyJGGsbElDFurviYxGWk+jwHZG1Iz1qjcX//N6qQlv/IzLJDUo2XJRmApiYjL/mgy5QmbE1BLKFLe3EjamijJjsynZELzVl9dJ+6rquVWveV2p3+VxFOEMzuESPKhBHe6hAS1ggPAMr/DmPDovzrvzsWwtOPnMKfyB8/kDtlOM3g==</latexit><latexit sha1_base64="bMkF3/VsJ7Ispeg+HewbMeZUOmQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeCHjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmt3O/84RK81g+mGmCfkRHkoecUWOlZndQrrhVdwGyTrycVCBHY1D+6g9jlkYoDRNU657nJsbPqDKcCZyV+qnGhLIJHWHPUkkj1H62OHRGLqwyJGGsbElDFurviYxGWk+jwHZG1Iz1qjcX//N6qQlv/IzLJDUo2XJRmApiYjL/mgy5QmbE1BLKFLe3EjamijJjsynZELzVl9dJ+6rquVWveV2p3+VxFOEMzuESPKhBHe6hAS1ggPAMr/DmPDovzrvzsWwtOPnMKfyB8/kDtlOM3g==</latexit>

↵
<latexit sha1_base64="4hCj2/LEQ2Uo1VbjJh16QQQ4RT4=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAHjxGMA9IltA7mSRjZmeWmVkhLPkHLx4U8er/ePNvnCR70MSChqKqm+6uKBHcWN//9gpr6xubW8Xt0s7u3v5B+fCoaVSqKWtQJZRuR2iY4JI1LLeCtRPNMI4Ea0Xjm5nfemLacCUf7CRhYYxDyQeconVSs4siGWGvXPGr/hxklQQ5qUCOeq/81e0rmsZMWirQmE7gJzbMUFtOBZuWuqlhCdIxDlnHUYkxM2E2v3ZKzpzSJwOlXUlL5urviQxjYyZx5DpjtCOz7M3E/7xOagfXYcZlklom6WLRIBXEKjJ7nfS5ZtSKiSNINXe3EjpCjdS6gEouhGD55VXSvKgGfjW4v6zUbvM4inACp3AOAVxBDe6gDg2g8AjP8ApvnvJevHfvY9Fa8PKZY/gD7/MHjBuPGg==</latexit><latexit sha1_base64="4hCj2/LEQ2Uo1VbjJh16QQQ4RT4=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAHjxGMA9IltA7mSRjZmeWmVkhLPkHLx4U8er/ePNvnCR70MSChqKqm+6uKBHcWN//9gpr6xubW8Xt0s7u3v5B+fCoaVSqKWtQJZRuR2iY4JI1LLeCtRPNMI4Ea0Xjm5nfemLacCUf7CRhYYxDyQeconVSs4siGWGvXPGr/hxklQQ5qUCOeq/81e0rmsZMWirQmE7gJzbMUFtOBZuWuqlhCdIxDlnHUYkxM2E2v3ZKzpzSJwOlXUlL5urviQxjYyZx5DpjtCOz7M3E/7xOagfXYcZlklom6WLRIBXEKjJ7nfS5ZtSKiSNINXe3EjpCjdS6gEouhGD55VXSvKgGfjW4v6zUbvM4inACp3AOAVxBDe6gDg2g8AjP8ApvnvJevHfvY9Fa8PKZY/gD7/MHjBuPGg==</latexit><latexit sha1_base64="4hCj2/LEQ2Uo1VbjJh16QQQ4RT4=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAHjxGMA9IltA7mSRjZmeWmVkhLPkHLx4U8er/ePNvnCR70MSChqKqm+6uKBHcWN//9gpr6xubW8Xt0s7u3v5B+fCoaVSqKWtQJZRuR2iY4JI1LLeCtRPNMI4Ea0Xjm5nfemLacCUf7CRhYYxDyQeconVSs4siGWGvXPGr/hxklQQ5qUCOeq/81e0rmsZMWirQmE7gJzbMUFtOBZuWuqlhCdIxDlnHUYkxM2E2v3ZKzpzSJwOlXUlL5urviQxjYyZx5DpjtCOz7M3E/7xOagfXYcZlklom6WLRIBXEKjJ7nfS5ZtSKiSNINXe3EjpCjdS6gEouhGD55VXSvKgGfjW4v6zUbvM4inACp3AOAVxBDe6gDg2g8AjP8ApvnvJevHfvY9Fa8PKZY/gD7/MHjBuPGg==</latexit><latexit sha1_base64="4hCj2/LEQ2Uo1VbjJh16QQQ4RT4=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAHjxGMA9IltA7mSRjZmeWmVkhLPkHLx4U8er/ePNvnCR70MSChqKqm+6uKBHcWN//9gpr6xubW8Xt0s7u3v5B+fCoaVSqKWtQJZRuR2iY4JI1LLeCtRPNMI4Ea0Xjm5nfemLacCUf7CRhYYxDyQeconVSs4siGWGvXPGr/hxklQQ5qUCOeq/81e0rmsZMWirQmE7gJzbMUFtOBZuWuqlhCdIxDlnHUYkxM2E2v3ZKzpzSJwOlXUlL5urviQxjYyZx5DpjtCOz7M3E/7xOagfXYcZlklom6WLRIBXEKjJ7nfS5ZtSKiSNINXe3EjpCjdS6gEouhGD55VXSvKgGfjW4v6zUbvM4inACp3AOAVxBDe6gDg2g8AjP8ApvnvJevHfvY9Fa8PKZY/gD7/MHjBuPGg==</latexit>

Y
<latexit sha1_base64="YzEr3mxy0EaWkYh2X62cTCrkCa4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNBDx5bsB/ShrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfjm5nffkKleSzvzSRBP6JDyUPOqLFS46FfrrhVdw6ySrycVCBHvV/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ66LquVWvcVmp3eZxFOEETuEcPLiCGtxBHZrAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHt9eM3w==</latexit><latexit sha1_base64="YzEr3mxy0EaWkYh2X62cTCrkCa4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNBDx5bsB/ShrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfjm5nffkKleSzvzSRBP6JDyUPOqLFS46FfrrhVdw6ySrycVCBHvV/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ66LquVWvcVmp3eZxFOEETuEcPLiCGtxBHZrAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHt9eM3w==</latexit><latexit sha1_base64="YzEr3mxy0EaWkYh2X62cTCrkCa4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNBDx5bsB/ShrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfjm5nffkKleSzvzSRBP6JDyUPOqLFS46FfrrhVdw6ySrycVCBHvV/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ66LquVWvcVmp3eZxFOEETuEcPLiCGtxBHZrAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHt9eM3w==</latexit><latexit sha1_base64="YzEr3mxy0EaWkYh2X62cTCrkCa4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNBDx5bsB/ShrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfjm5nffkKleSzvzSRBP6JDyUPOqLFS46FfrrhVdw6ySrycVCBHvV/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ66LquVWvcVmp3eZxFOEETuEcPLiCGtxBHZrAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHt9eM3w==</latexit>

b
<latexit sha1_base64="egfY6ZgEAaZR3i00rPeffvp6KV4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeCHjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmt3O/84RK81g+mGmCfkRHkoecUWOlZjAoV9yquwBZJ15OKpCjMSh/9YcxSyOUhgmqdc9zE+NnVBnOBM5K/VRjQtmEjrBnqaQRaj9bHDojF1YZkjBWtqQhC/X3REYjradRYDsjasZ61ZuL/3m91IQ3fsZlkhqUbLkoTAUxMZl/TYZcITNiagllittbCRtTRZmx2ZRsCN7qy+ukfVX13KrXvK7U7/I4inAG53AJHtSgDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwBxXuM6A==</latexit><latexit sha1_base64="egfY6ZgEAaZR3i00rPeffvp6KV4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeCHjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmt3O/84RK81g+mGmCfkRHkoecUWOlZjAoV9yquwBZJ15OKpCjMSh/9YcxSyOUhgmqdc9zE+NnVBnOBM5K/VRjQtmEjrBnqaQRaj9bHDojF1YZkjBWtqQhC/X3REYjradRYDsjasZ61ZuL/3m91IQ3fsZlkhqUbLkoTAUxMZl/TYZcITNiagllittbCRtTRZmx2ZRsCN7qy+ukfVX13KrXvK7U7/I4inAG53AJHtSgDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwBxXuM6A==</latexit><latexit sha1_base64="egfY6ZgEAaZR3i00rPeffvp6KV4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeCHjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmt3O/84RK81g+mGmCfkRHkoecUWOlZjAoV9yquwBZJ15OKpCjMSh/9YcxSyOUhgmqdc9zE+NnVBnOBM5K/VRjQtmEjrBnqaQRaj9bHDojF1YZkjBWtqQhC/X3REYjradRYDsjasZ61ZuL/3m91IQ3fsZlkhqUbLkoTAUxMZl/TYZcITNiagllittbCRtTRZmx2ZRsCN7qy+ukfVX13KrXvK7U7/I4inAG53AJHtSgDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwBxXuM6A==</latexit><latexit sha1_base64="egfY6ZgEAaZR3i00rPeffvp6KV4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeCHjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmt3O/84RK81g+mGmCfkRHkoecUWOlZjAoV9yquwBZJ15OKpCjMSh/9YcxSyOUhgmqdc9zE+NnVBnOBM5K/VRjQtmEjrBnqaQRaj9bHDojF1YZkjBWtqQhC/X3REYjradRYDsjasZ61ZuL/3m91IQ3fsZlkhqUbLkoTAUxMZl/TYZcITNiagllittbCRtTRZmx2ZRsCN7qy+ukfVX13KrXvK7U7/I4inAG53AJHtSgDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwBxXuM6A==</latexit>

E↵X + (M↵ +MX)c2 = EY b + (Mb +MY )c
2

<latexit sha1_base64="fb8cUOTR9sJpRST5HWBUN1U2wXA=">AAACKnicbVDLSgMxFM3UV62vUZdugqVQKZSZIupGqIjgRqhgX7TjkEnTNjTzIMkIZZjvceOvuOlCKW79ENPpFLT1QODknHu59x4nYFRIw5hqmbX1jc2t7HZuZ3dv/0A/PGoIP+SY1LHPfN5ykCCMeqQuqWSkFXCCXIeRpjO6nfnNF8IF9b0nOQ6I5aKBR/sUI6kkW7+5s6MuYsEQwVYMS7D4sPjHJUVb8Rl+rsBrqMra0FlUOInZTkxbzxtlIwFcJWZK8iBFzdYn3Z6PQ5d4EjMkRMc0AmlFiEuKGYlz3VCQAOERGpCOoh5yibCi5NQYFpTSg32fq+dJmKi/OyLkCjF21aYFF8mhWPZm4n9eJ5T9KyuiXhBK4uH5oH7IoPThLDfYo5xgycaKIMyp2hXiIeIIS5VuToVgLp+8ShqVsmmUzcfzfPUijSMLTsApKAITXIIquAc1UAcYvIJ38AE+tTdtok21r3lpRkt7jsEfaN8/r3+kTA==</latexit><latexit sha1_base64="fb8cUOTR9sJpRST5HWBUN1U2wXA=">AAACKnicbVDLSgMxFM3UV62vUZdugqVQKZSZIupGqIjgRqhgX7TjkEnTNjTzIMkIZZjvceOvuOlCKW79ENPpFLT1QODknHu59x4nYFRIw5hqmbX1jc2t7HZuZ3dv/0A/PGoIP+SY1LHPfN5ykCCMeqQuqWSkFXCCXIeRpjO6nfnNF8IF9b0nOQ6I5aKBR/sUI6kkW7+5s6MuYsEQwVYMS7D4sPjHJUVb8Rl+rsBrqMra0FlUOInZTkxbzxtlIwFcJWZK8iBFzdYn3Z6PQ5d4EjMkRMc0AmlFiEuKGYlz3VCQAOERGpCOoh5yibCi5NQYFpTSg32fq+dJmKi/OyLkCjF21aYFF8mhWPZm4n9eJ5T9KyuiXhBK4uH5oH7IoPThLDfYo5xgycaKIMyp2hXiIeIIS5VuToVgLp+8ShqVsmmUzcfzfPUijSMLTsApKAITXIIquAc1UAcYvIJ38AE+tTdtok21r3lpRkt7jsEfaN8/r3+kTA==</latexit><latexit sha1_base64="fb8cUOTR9sJpRST5HWBUN1U2wXA=">AAACKnicbVDLSgMxFM3UV62vUZdugqVQKZSZIupGqIjgRqhgX7TjkEnTNjTzIMkIZZjvceOvuOlCKW79ENPpFLT1QODknHu59x4nYFRIw5hqmbX1jc2t7HZuZ3dv/0A/PGoIP+SY1LHPfN5ykCCMeqQuqWSkFXCCXIeRpjO6nfnNF8IF9b0nOQ6I5aKBR/sUI6kkW7+5s6MuYsEQwVYMS7D4sPjHJUVb8Rl+rsBrqMra0FlUOInZTkxbzxtlIwFcJWZK8iBFzdYn3Z6PQ5d4EjMkRMc0AmlFiEuKGYlz3VCQAOERGpCOoh5yibCi5NQYFpTSg32fq+dJmKi/OyLkCjF21aYFF8mhWPZm4n9eJ5T9KyuiXhBK4uH5oH7IoPThLDfYo5xgycaKIMyp2hXiIeIIS5VuToVgLp+8ShqVsmmUzcfzfPUijSMLTsApKAITXIIquAc1UAcYvIJ38AE+tTdtok21r3lpRkt7jsEfaN8/r3+kTA==</latexit><latexit sha1_base64="fb8cUOTR9sJpRST5HWBUN1U2wXA=">AAACKnicbVDLSgMxFM3UV62vUZdugqVQKZSZIupGqIjgRqhgX7TjkEnTNjTzIMkIZZjvceOvuOlCKW79ENPpFLT1QODknHu59x4nYFRIw5hqmbX1jc2t7HZuZ3dv/0A/PGoIP+SY1LHPfN5ykCCMeqQuqWSkFXCCXIeRpjO6nfnNF8IF9b0nOQ6I5aKBR/sUI6kkW7+5s6MuYsEQwVYMS7D4sPjHJUVb8Rl+rsBrqMra0FlUOInZTkxbzxtlIwFcJWZK8iBFzdYn3Z6PQ5d4EjMkRMc0AmlFiEuKGYlz3VCQAOERGpCOoh5yibCi5NQYFpTSg32fq+dJmKi/OyLkCjF21aYFF8mhWPZm4n9eJ5T9KyuiXhBK4uH5oH7IoPThLDfYo5xgycaKIMyp2hXiIeIIS5VuToVgLp+8ShqVsmmUzcfzfPUijSMLTsApKAITXIIquAc1UAcYvIJ38AE+tTdtok21r3lpRkt7jsEfaN8/r3+kTA==</latexit>

Conservation of charge; nuclear masses can be replaced by atomic masses

E↵X + (M↵0 +MX0)c2 = EY b + (Mb0 +MY 0)c2
<latexit sha1_base64="8ARP3Wc/AzPaDKzUrCCZ6S8vjWQ="></latexit><latexit sha1_base64="8ARP3Wc/AzPaDKzUrCCZ6S8vjWQ="></latexit><latexit sha1_base64="8ARP3Wc/AzPaDKzUrCCZ6S8vjWQ="></latexit><latexit sha1_base64="8ARP3Wc/AzPaDKzUrCCZ6S8vjWQ="></latexit>

Conservation of number of nuclei

Blackboard

M↵0c2 ! �M↵0c2 = (M↵0 �A⇥ 1 amu)c2
<latexit sha1_base64="eYFIpS9oJmxD03xH9DK2YSGmGmE="></latexit><latexit sha1_base64="eYFIpS9oJmxD03xH9DK2YSGmGmE="></latexit><latexit sha1_base64="eYFIpS9oJmxD03xH9DK2YSGmGmE="></latexit><latexit sha1_base64="eYFIpS9oJmxD03xH9DK2YSGmGmE="></latexit>

Y ⇤
<latexit sha1_base64="TDnLfL7idv7sPk4oxptvpGCnE+A=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBZBPJREBD0WBPFYwbSVNpbNdtsu3WzC7kQoob/BiwdFvPqDvPlv3LY5aOuDgcd7M8zMCxMpDLrut1NYWV1b3yhulra2d3b3yvsHDROnmnGfxTLWrZAaLoXiPgqUvJVoTqNQ8mY4up76zSeujYjVPY4THkR0oERfMIpW8h8es7NJt1xxq+4MZJl4OalAjnq3/NXpxSyNuEImqTFtz00wyKhGwSSflDqp4QllIzrgbUsVjbgJstmxE3JilR7px9qWQjJTf09kNDJmHIW2M6I4NIveVPzPa6fYvwoyoZIUuWLzRf1UEozJ9HPSE5ozlGNLKNPC3krYkGrK0OZTsiF4iy8vk8Z51XOr3t1FpXaTx1GEIziGU/DgEmpwC3XwgYGAZ3iFN0c5L8678zFvLTj5zCH8gfP5A5XYjok=</latexit><latexit sha1_base64="TDnLfL7idv7sPk4oxptvpGCnE+A=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBZBPJREBD0WBPFYwbSVNpbNdtsu3WzC7kQoob/BiwdFvPqDvPlv3LY5aOuDgcd7M8zMCxMpDLrut1NYWV1b3yhulra2d3b3yvsHDROnmnGfxTLWrZAaLoXiPgqUvJVoTqNQ8mY4up76zSeujYjVPY4THkR0oERfMIpW8h8es7NJt1xxq+4MZJl4OalAjnq3/NXpxSyNuEImqTFtz00wyKhGwSSflDqp4QllIzrgbUsVjbgJstmxE3JilR7px9qWQjJTf09kNDJmHIW2M6I4NIveVPzPa6fYvwoyoZIUuWLzRf1UEozJ9HPSE5ozlGNLKNPC3krYkGrK0OZTsiF4iy8vk8Z51XOr3t1FpXaTx1GEIziGU/DgEmpwC3XwgYGAZ3iFN0c5L8678zFvLTj5zCH8gfP5A5XYjok=</latexit><latexit sha1_base64="TDnLfL7idv7sPk4oxptvpGCnE+A=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBZBPJREBD0WBPFYwbSVNpbNdtsu3WzC7kQoob/BiwdFvPqDvPlv3LY5aOuDgcd7M8zMCxMpDLrut1NYWV1b3yhulra2d3b3yvsHDROnmnGfxTLWrZAaLoXiPgqUvJVoTqNQ8mY4up76zSeujYjVPY4THkR0oERfMIpW8h8es7NJt1xxq+4MZJl4OalAjnq3/NXpxSyNuEImqTFtz00wyKhGwSSflDqp4QllIzrgbUsVjbgJstmxE3JilR7px9qWQjJTf09kNDJmHIW2M6I4NIveVPzPa6fYvwoyoZIUuWLzRf1UEozJ9HPSE5ozlGNLKNPC3krYkGrK0OZTsiF4iy8vk8Z51XOr3t1FpXaTx1GEIziGU/DgEmpwC3XwgYGAZ3iFN0c5L8678zFvLTj5zCH8gfP5A5XYjok=</latexit><latexit sha1_base64="TDnLfL7idv7sPk4oxptvpGCnE+A=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBZBPJREBD0WBPFYwbSVNpbNdtsu3WzC7kQoob/BiwdFvPqDvPlv3LY5aOuDgcd7M8zMCxMpDLrut1NYWV1b3yhulra2d3b3yvsHDROnmnGfxTLWrZAaLoXiPgqUvJVoTqNQ8mY4up76zSeujYjVPY4THkR0oERfMIpW8h8es7NJt1xxq+4MZJl4OalAjnq3/NXpxSyNuEImqTFtz00wyKhGwSSflDqp4QllIzrgbUsVjbgJstmxE3JilR7px9qWQjJTf09kNDJmHIW2M6I4NIveVPzPa6fYvwoyoZIUuWLzRf1UEozJ9HPSE5ozlGNLKNPC3krYkGrK0OZTsiF4iy8vk8Z51XOr3t1FpXaTx1GEIziGU/DgEmpwC3XwgYGAZ3iFN0c5L8678zFvLTj5zCH8gfP5A5XYjok=</latexit>



Energetics of nuclear reactions

Q < 0
<latexit sha1_base64="o1ijfShemyezwkfU6X8ECJKbd8I=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0IOHghePLZi20Iay2W7apZtN2J0IJfQ3ePGgiFd/kDf/jds2B219MPB4b4aZeWEqhUHX/XZKG5tb2zvl3cre/sHhUfX4pG2STDPus0QmuhtSw6VQ3EeBkndTzWkcSt4JJ/dzv/PEtRGJesRpyoOYjpSIBKNoJb9F7og7qNbcursAWSdeQWpQoDmofvWHCctirpBJakzPc1MMcqpRMMlnlX5meErZhI54z1JFY26CfHHsjFxYZUiiRNtSSBbq74mcxsZM49B2xhTHZtWbi/95vQyj2yAXKs2QK7ZcFGWSYELmn5Oh0JyhnFpCmRb2VsLGVFOGNp+KDcFbfXmdtK/qnlv3Wte1xnURRxnO4BwuwYMbaMADNMEHBgKe4RXeHOW8OO/Ox7K15BQzp/AHzucPQY2Nmw==</latexit><latexit sha1_base64="o1ijfShemyezwkfU6X8ECJKbd8I=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0IOHghePLZi20Iay2W7apZtN2J0IJfQ3ePGgiFd/kDf/jds2B219MPB4b4aZeWEqhUHX/XZKG5tb2zvl3cre/sHhUfX4pG2STDPus0QmuhtSw6VQ3EeBkndTzWkcSt4JJ/dzv/PEtRGJesRpyoOYjpSIBKNoJb9F7og7qNbcursAWSdeQWpQoDmofvWHCctirpBJakzPc1MMcqpRMMlnlX5meErZhI54z1JFY26CfHHsjFxYZUiiRNtSSBbq74mcxsZM49B2xhTHZtWbi/95vQyj2yAXKs2QK7ZcFGWSYELmn5Oh0JyhnFpCmRb2VsLGVFOGNp+KDcFbfXmdtK/qnlv3Wte1xnURRxnO4BwuwYMbaMADNMEHBgKe4RXeHOW8OO/Ox7K15BQzp/AHzucPQY2Nmw==</latexit><latexit sha1_base64="o1ijfShemyezwkfU6X8ECJKbd8I=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0IOHghePLZi20Iay2W7apZtN2J0IJfQ3ePGgiFd/kDf/jds2B219MPB4b4aZeWEqhUHX/XZKG5tb2zvl3cre/sHhUfX4pG2STDPus0QmuhtSw6VQ3EeBkndTzWkcSt4JJ/dzv/PEtRGJesRpyoOYjpSIBKNoJb9F7og7qNbcursAWSdeQWpQoDmofvWHCctirpBJakzPc1MMcqpRMMlnlX5meErZhI54z1JFY26CfHHsjFxYZUiiRNtSSBbq74mcxsZM49B2xhTHZtWbi/95vQyj2yAXKs2QK7ZcFGWSYELmn5Oh0JyhnFpCmRb2VsLGVFOGNp+KDcFbfXmdtK/qnlv3Wte1xnURRxnO4BwuwYMbaMADNMEHBgKe4RXeHOW8OO/Ox7K15BQzp/AHzucPQY2Nmw==</latexit><latexit sha1_base64="o1ijfShemyezwkfU6X8ECJKbd8I=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0IOHghePLZi20Iay2W7apZtN2J0IJfQ3ePGgiFd/kDf/jds2B219MPB4b4aZeWEqhUHX/XZKG5tb2zvl3cre/sHhUfX4pG2STDPus0QmuhtSw6VQ3EeBkndTzWkcSt4JJ/dzv/PEtRGJesRpyoOYjpSIBKNoJb9F7og7qNbcursAWSdeQWpQoDmofvWHCctirpBJakzPc1MMcqpRMMlnlX5meErZhI54z1JFY26CfHHsjFxYZUiiRNtSSBbq74mcxsZM49B2xhTHZtWbi/95vQyj2yAXKs2QK7ZcFGWSYELmn5Oh0JyhnFpCmRb2VsLGVFOGNp+KDcFbfXmdtK/qnlv3Wte1xnURRxnO4BwuwYMbaMADNMEHBgKe4RXeHOW8OO/Ox7K15BQzp/AHzucPQY2Nmw==</latexit>

Q > 0
<latexit sha1_base64="gju67ZAHLAbWyXIf/Q4wgQd6lDc=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0JMUvHhswbSFNpTNdtMu3WzC7kQoob/BiwdFvPqDvPlv3LY5aOuDgcd7M8zMC1MpDLrut1Pa2Nza3invVvb2Dw6PqscnbZNkmnGfJTLR3ZAaLoXiPgqUvJtqTuNQ8k44uZ/7nSeujUjUI05THsR0pEQkGEUr+S1yR9xBtebW3QXIOvEKUoMCzUH1qz9MWBZzhUxSY3qem2KQU42CST6r9DPDU8omdMR7lioacxPki2Nn5MIqQxIl2pZCslB/T+Q0NmYah7Yzpjg2q95c/M/rZRjdBrlQaYZcseWiKJMEEzL/nAyF5gzl1BLKtLC3EjammjK0+VRsCN7qy+ukfVX33LrXuq41ros4ynAG53AJHtxAAx6gCT4wEPAMr/DmKOfFeXc+lq0lp5g5hT9wPn8ARJmNnQ==</latexit><latexit sha1_base64="gju67ZAHLAbWyXIf/Q4wgQd6lDc=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0JMUvHhswbSFNpTNdtMu3WzC7kQoob/BiwdFvPqDvPlv3LY5aOuDgcd7M8zMC1MpDLrut1Pa2Nza3invVvb2Dw6PqscnbZNkmnGfJTLR3ZAaLoXiPgqUvJtqTuNQ8k44uZ/7nSeujUjUI05THsR0pEQkGEUr+S1yR9xBtebW3QXIOvEKUoMCzUH1qz9MWBZzhUxSY3qem2KQU42CST6r9DPDU8omdMR7lioacxPki2Nn5MIqQxIl2pZCslB/T+Q0NmYah7Yzpjg2q95c/M/rZRjdBrlQaYZcseWiKJMEEzL/nAyF5gzl1BLKtLC3EjammjK0+VRsCN7qy+ukfVX33LrXuq41ros4ynAG53AJHtxAAx6gCT4wEPAMr/DmKOfFeXc+lq0lp5g5hT9wPn8ARJmNnQ==</latexit><latexit sha1_base64="gju67ZAHLAbWyXIf/Q4wgQd6lDc=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0JMUvHhswbSFNpTNdtMu3WzC7kQoob/BiwdFvPqDvPlv3LY5aOuDgcd7M8zMC1MpDLrut1Pa2Nza3invVvb2Dw6PqscnbZNkmnGfJTLR3ZAaLoXiPgqUvJtqTuNQ8k44uZ/7nSeujUjUI05THsR0pEQkGEUr+S1yR9xBtebW3QXIOvEKUoMCzUH1qz9MWBZzhUxSY3qem2KQU42CST6r9DPDU8omdMR7lioacxPki2Nn5MIqQxIl2pZCslB/T+Q0NmYah7Yzpjg2q95c/M/rZRjdBrlQaYZcseWiKJMEEzL/nAyF5gzl1BLKtLC3EjammjK0+VRsCN7qy+ukfVX33LrXuq41ros4ynAG53AJHtxAAx6gCT4wEPAMr/DmKOfFeXc+lq0lp5g5hT9wPn8ARJmNnQ==</latexit><latexit sha1_base64="gju67ZAHLAbWyXIf/Q4wgQd6lDc=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0JMUvHhswbSFNpTNdtMu3WzC7kQoob/BiwdFvPqDvPlv3LY5aOuDgcd7M8zMC1MpDLrut1Pa2Nza3invVvb2Dw6PqscnbZNkmnGfJTLR3ZAaLoXiPgqUvJtqTuNQ8k44uZ/7nSeujUjUI05THsR0pEQkGEUr+S1yR9xBtebW3QXIOvEKUoMCzUH1qz9MWBZzhUxSY3qem2KQU42CST6r9DPDU8omdMR7lioacxPki2Nn5MIqQxIl2pZCslB/T+Q0NmYah7Yzpjg2q95c/M/rZRjdBrlQaYZcseWiKJMEEzL/nAyF5gzl1BLKtLC3EjammjK0+VRsCN7qy+ukfVX33LrXuq41ros4ynAG53AJHtxAAx6gCT4wEPAMr/DmKOfFeXc+lq0lp5g5hT9wPn8ARJmNnQ==</latexit>

Exothermic reaction
Endothermic reaction

Q ⌘ EY 0b0 � E↵0X0
<latexit sha1_base64="4d2Xix5e/YAzHpRxr7CzBNTFSgo=">AAACDHicbVDLSgMxFM34rPVVdekmWKRuLDMi6rIggssW7EM6Q7mTpm1oJjMmmUIZ+gFu/BU3LhRx6we482/MtLPQ1gOBwznncnOPH3GmtG1/W0vLK6tr67mN/ObW9s5uYW+/ocJYElonIQ9lywdFORO0rpnmtBVJCoHPadMfXqd+c0SlYqG40+OIegH0BesxAtpInUKx5tKHmI3wTSe5L2G/NMGnKXeBRwMo4ZYRTMou21PgReJkpIgyVDuFL7cbkjigQhMOSrUdO9JeAlIzwukk78aKRkCG0KdtQwUEVHnJ9JgJPjZKF/dCaZ7QeKr+nkggUGoc+CYZgB6oeS8V//Pase5deQkTUaypILNFvZhjHeK0GdxlkhLNx4YAkcz8FZMBSCDa9Jc3JTjzJy+SxlnZsctO7bxYucjqyKFDdIROkIMuUQXdoiqqI4Ie0TN6RW/Wk/VivVsfs+iSlc0coD+wPn8AFvGZCg==</latexit><latexit sha1_base64="4d2Xix5e/YAzHpRxr7CzBNTFSgo=">AAACDHicbVDLSgMxFM34rPVVdekmWKRuLDMi6rIggssW7EM6Q7mTpm1oJjMmmUIZ+gFu/BU3LhRx6we482/MtLPQ1gOBwznncnOPH3GmtG1/W0vLK6tr67mN/ObW9s5uYW+/ocJYElonIQ9lywdFORO0rpnmtBVJCoHPadMfXqd+c0SlYqG40+OIegH0BesxAtpInUKx5tKHmI3wTSe5L2G/NMGnKXeBRwMo4ZYRTMou21PgReJkpIgyVDuFL7cbkjigQhMOSrUdO9JeAlIzwukk78aKRkCG0KdtQwUEVHnJ9JgJPjZKF/dCaZ7QeKr+nkggUGoc+CYZgB6oeS8V//Pase5deQkTUaypILNFvZhjHeK0GdxlkhLNx4YAkcz8FZMBSCDa9Jc3JTjzJy+SxlnZsctO7bxYucjqyKFDdIROkIMuUQXdoiqqI4Ie0TN6RW/Wk/VivVsfs+iSlc0coD+wPn8AFvGZCg==</latexit><latexit sha1_base64="4d2Xix5e/YAzHpRxr7CzBNTFSgo=">AAACDHicbVDLSgMxFM34rPVVdekmWKRuLDMi6rIggssW7EM6Q7mTpm1oJjMmmUIZ+gFu/BU3LhRx6we482/MtLPQ1gOBwznncnOPH3GmtG1/W0vLK6tr67mN/ObW9s5uYW+/ocJYElonIQ9lywdFORO0rpnmtBVJCoHPadMfXqd+c0SlYqG40+OIegH0BesxAtpInUKx5tKHmI3wTSe5L2G/NMGnKXeBRwMo4ZYRTMou21PgReJkpIgyVDuFL7cbkjigQhMOSrUdO9JeAlIzwukk78aKRkCG0KdtQwUEVHnJ9JgJPjZKF/dCaZ7QeKr+nkggUGoc+CYZgB6oeS8V//Pase5deQkTUaypILNFvZhjHeK0GdxlkhLNx4YAkcz8FZMBSCDa9Jc3JTjzJy+SxlnZsctO7bxYucjqyKFDdIROkIMuUQXdoiqqI4Ie0TN6RW/Wk/VivVsfs+iSlc0coD+wPn8AFvGZCg==</latexit><latexit sha1_base64="4d2Xix5e/YAzHpRxr7CzBNTFSgo=">AAACDHicbVDLSgMxFM34rPVVdekmWKRuLDMi6rIggssW7EM6Q7mTpm1oJjMmmUIZ+gFu/BU3LhRx6we482/MtLPQ1gOBwznncnOPH3GmtG1/W0vLK6tr67mN/ObW9s5uYW+/ocJYElonIQ9lywdFORO0rpnmtBVJCoHPadMfXqd+c0SlYqG40+OIegH0BesxAtpInUKx5tKHmI3wTSe5L2G/NMGnKXeBRwMo4ZYRTMou21PgReJkpIgyVDuFL7cbkjigQhMOSrUdO9JeAlIzwukk78aKRkCG0KdtQwUEVHnJ9JgJPjZKF/dCaZ7QeKr+nkggUGoc+CYZgB6oeS8V//Pase5deQkTUaypILNFvZhjHeK0GdxlkhLNx4YAkcz8FZMBSCDa9Jc3JTjzJy+SxlnZsctO7bxYucjqyKFDdIROkIMuUQXdoiqqI4Ie0TN6RW/Wk/VivVsfs+iSlc0coD+wPn8AFvGZCg==</latexit>

= (�M↵0 +�MX0 ��MY 0 ��Mb0)c
2

<latexit sha1_base64="VPPJ6EFTAna6VExeT7ope6oGz1c=">AAACMnicbVBLS0JBFJ5rL7OX1bLNkIRGJPdKVJtAqEUtAoN8hJqcO446OPfBzNxALvc3temXBC1qUUTbfkSjXsi0AwPf4xzOnM/2OZPKNF+NxNz8wuJScjm1srq2vpHe3KpILxCElonHPVGzQVLOXFpWTHFa8wUFx+a0avfPh371gQrJPPdWDXzadKDrsg4joLTUSl+d4VzjgnIF+LoVNoD7PchG+AD/ijXNDyf43RS3s9E+uS+00hkzb44KzwIrBhkUV6mVfm60PRI41FWEg5R1y/RVMwShGOE0SjUCSX0gfejSuoYuOFQ2w9HJEd7TSht3PKGfq/BInZwIwZFy4Ni60wHVk9PeUPzPqweqc9oMmesHirpkvKgTcKw8PMwPt5mgRPGBBkAE03/FpAcCiNIpp3QI1vTJs6BSyFtm3ro5yhSP4ziSaAftohyy0AkqoktUQmVE0CN6Qe/ow3gy3oxP42vcmjDimW30p4zvH24fppg=</latexit><latexit sha1_base64="VPPJ6EFTAna6VExeT7ope6oGz1c=">AAACMnicbVBLS0JBFJ5rL7OX1bLNkIRGJPdKVJtAqEUtAoN8hJqcO446OPfBzNxALvc3temXBC1qUUTbfkSjXsi0AwPf4xzOnM/2OZPKNF+NxNz8wuJScjm1srq2vpHe3KpILxCElonHPVGzQVLOXFpWTHFa8wUFx+a0avfPh371gQrJPPdWDXzadKDrsg4joLTUSl+d4VzjgnIF+LoVNoD7PchG+AD/ijXNDyf43RS3s9E+uS+00hkzb44KzwIrBhkUV6mVfm60PRI41FWEg5R1y/RVMwShGOE0SjUCSX0gfejSuoYuOFQ2w9HJEd7TSht3PKGfq/BInZwIwZFy4Ni60wHVk9PeUPzPqweqc9oMmesHirpkvKgTcKw8PMwPt5mgRPGBBkAE03/FpAcCiNIpp3QI1vTJs6BSyFtm3ro5yhSP4ziSaAftohyy0AkqoktUQmVE0CN6Qe/ow3gy3oxP42vcmjDimW30p4zvH24fppg=</latexit><latexit sha1_base64="VPPJ6EFTAna6VExeT7ope6oGz1c=">AAACMnicbVBLS0JBFJ5rL7OX1bLNkIRGJPdKVJtAqEUtAoN8hJqcO446OPfBzNxALvc3temXBC1qUUTbfkSjXsi0AwPf4xzOnM/2OZPKNF+NxNz8wuJScjm1srq2vpHe3KpILxCElonHPVGzQVLOXFpWTHFa8wUFx+a0avfPh371gQrJPPdWDXzadKDrsg4joLTUSl+d4VzjgnIF+LoVNoD7PchG+AD/ijXNDyf43RS3s9E+uS+00hkzb44KzwIrBhkUV6mVfm60PRI41FWEg5R1y/RVMwShGOE0SjUCSX0gfejSuoYuOFQ2w9HJEd7TSht3PKGfq/BInZwIwZFy4Ni60wHVk9PeUPzPqweqc9oMmesHirpkvKgTcKw8PMwPt5mgRPGBBkAE03/FpAcCiNIpp3QI1vTJs6BSyFtm3ro5yhSP4ziSaAftohyy0AkqoktUQmVE0CN6Qe/ow3gy3oxP42vcmjDimW30p4zvH24fppg=</latexit><latexit sha1_base64="VPPJ6EFTAna6VExeT7ope6oGz1c=">AAACMnicbVBLS0JBFJ5rL7OX1bLNkIRGJPdKVJtAqEUtAoN8hJqcO446OPfBzNxALvc3temXBC1qUUTbfkSjXsi0AwPf4xzOnM/2OZPKNF+NxNz8wuJScjm1srq2vpHe3KpILxCElonHPVGzQVLOXFpWTHFa8wUFx+a0avfPh371gQrJPPdWDXzadKDrsg4joLTUSl+d4VzjgnIF+LoVNoD7PchG+AD/ijXNDyf43RS3s9E+uS+00hkzb44KzwIrBhkUV6mVfm60PRI41FWEg5R1y/RVMwShGOE0SjUCSX0gfejSuoYuOFQ2w9HJEd7TSht3PKGfq/BInZwIwZFy4Ni60wHVk9PeUPzPqweqc9oMmesHirpkvKgTcKw8PMwPt5mgRPGBBkAE03/FpAcCiNIpp3QI1vTJs6BSyFtm3ro5yhSP4ziSaAftohyy0AkqoktUQmVE0CN6Qe/ow3gy3oxP42vcmjDimW30p4zvH24fppg=</latexit>

Illiadis (2015); Wang et al. (2012)

Binding energy: energy required to disassemble 
the nucleus to its constituent neutrons and protons

B.E. = [mp ⇥ Z +mn ⇥ (A� Z)�MX ]c2
<latexit sha1_base64="gRhs2g1/Idjk55elCwj5SyU3+To="></latexit><latexit sha1_base64="gRhs2g1/Idjk55elCwj5SyU3+To="></latexit><latexit sha1_base64="gRhs2g1/Idjk55elCwj5SyU3+To="></latexit><latexit sha1_base64="gRhs2g1/Idjk55elCwj5SyU3+To="></latexit>
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Rate of nuclear reactions
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cross section ⌘ number of reactions/target nucleus/unit time

number of incident particles/unit area/unit time
<latexit sha1_base64="FB5nXAxdSRm0tW144A6WapQDXIM="></latexit><latexit sha1_base64="FB5nXAxdSRm0tW144A6WapQDXIM="></latexit><latexit sha1_base64="FB5nXAxdSRm0tW144A6WapQDXIM="></latexit><latexit sha1_base64="FB5nXAxdSRm0tW144A6WapQDXIM="></latexit>

~v
<latexit sha1_base64="HiPFz6EuRy1Fj/LtD432DTVsh0s=">AAAB7nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE1GPBi8cK9gPaUDbbSbt0swm7m0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZemAqujed9O6WNza3tnfJuZW//4PDIPT5p6SRTDJssEYnqhFSj4BKbhhuBnVQhjUOB7XB8P/fbE1SaJ/LJTFMMYjqUPOKMGiu1exNk+WTWd6tezVuArBO/IFUo0Oi7X71BwrIYpWGCat31vdQEOVWGM4GzSi/TmFI2pkPsWippjDrIF+fOyIVVBiRKlC1pyEL9PZHTWOtpHNrOmJqRXvXm4n9eNzPRXZBzmWYGJVsuijJBTELmv5MBV8iMmFpCmeL2VsJGVFFmbEIVG4K/+vI6aV3VfK/mP15X6zdFHGU4g3O4BB9uoQ4P0IAmMBjDM7zCm5M6L86787FsLTnFzCn8gfP5A6s9j7w=</latexit><latexit sha1_base64="HiPFz6EuRy1Fj/LtD432DTVsh0s=">AAAB7nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE1GPBi8cK9gPaUDbbSbt0swm7m0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZemAqujed9O6WNza3tnfJuZW//4PDIPT5p6SRTDJssEYnqhFSj4BKbhhuBnVQhjUOB7XB8P/fbE1SaJ/LJTFMMYjqUPOKMGiu1exNk+WTWd6tezVuArBO/IFUo0Oi7X71BwrIYpWGCat31vdQEOVWGM4GzSi/TmFI2pkPsWippjDrIF+fOyIVVBiRKlC1pyEL9PZHTWOtpHNrOmJqRXvXm4n9eNzPRXZBzmWYGJVsuijJBTELmv5MBV8iMmFpCmeL2VsJGVFFmbEIVG4K/+vI6aV3VfK/mP15X6zdFHGU4g3O4BB9uoQ4P0IAmMBjDM7zCm5M6L86787FsLTnFzCn8gfP5A6s9j7w=</latexit><latexit sha1_base64="HiPFz6EuRy1Fj/LtD432DTVsh0s=">AAAB7nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE1GPBi8cK9gPaUDbbSbt0swm7m0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZemAqujed9O6WNza3tnfJuZW//4PDIPT5p6SRTDJssEYnqhFSj4BKbhhuBnVQhjUOB7XB8P/fbE1SaJ/LJTFMMYjqUPOKMGiu1exNk+WTWd6tezVuArBO/IFUo0Oi7X71BwrIYpWGCat31vdQEOVWGM4GzSi/TmFI2pkPsWippjDrIF+fOyIVVBiRKlC1pyEL9PZHTWOtpHNrOmJqRXvXm4n9eNzPRXZBzmWYGJVsuijJBTELmv5MBV8iMmFpCmeL2VsJGVFFmbEIVG4K/+vI6aV3VfK/mP15X6zdFHGU4g3O4BB9uoQ4P0IAmMBjDM7zCm5M6L86787FsLTnFzCn8gfP5A6s9j7w=</latexit><latexit sha1_base64="HiPFz6EuRy1Fj/LtD432DTVsh0s=">AAAB7nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE1GPBi8cK9gPaUDbbSbt0swm7m0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZemAqujed9O6WNza3tnfJuZW//4PDIPT5p6SRTDJssEYnqhFSj4BKbhhuBnVQhjUOB7XB8P/fbE1SaJ/LJTFMMYjqUPOKMGiu1exNk+WTWd6tezVuArBO/IFUo0Oi7X71BwrIYpWGCat31vdQEOVWGM4GzSi/TmFI2pkPsWippjDrIF+fOyIVVBiRKlC1pyEL9PZHTWOtpHNrOmJqRXvXm4n9eNzPRXZBzmWYGJVsuijJBTELmv5MBV8iMmFpCmeL2VsJGVFFmbEIVG4K/+vI6aV3VfK/mP15X6zdFHGU4g3O4BB9uoQ4P0IAmMBjDM7zCm5M6L86787FsLTnFzCn8gfP5A6s9j7w=</latexit>

X(↵,�)Y
<latexit sha1_base64="akwFzOFUWIRyqwgaJpm97OCK6V0=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69BItQQUoioh4LXjxWsB/ShDLZbtulm03Y3RRK6D/x4kERr/4Tb/4bt20O2vpg4PHeDDPzwoQzpV332yqsrW9sbhW3Szu7e/sH9uFRU8WpJLRBYh7LdoiKciZoQzPNaTuRFKOQ01Y4upv5rTGVisXiUU8SGkQ4EKzPCGojdW27XfGRJ0O88EOq8fypa5fdqjuHs0q8nJQhR71rf/m9mKQRFZpwVKrjuYkOMpSaEU6nJT9VNEEywgHtGCowoirI5pdPnTOj9Jx+LE0J7czV3xMZRkpNotB0RqiHatmbif95nVT3b4OMiSTVVJDFon7KHR07sxicHpOUaD4xBIlk5laHDFEi0SaskgnBW355lTQvq55b9R6uyrXrPI4inMApVMCDG6jBPdShAQTG8Ayv8GZl1ov1bn0sWgtWPnMMf2B9/gBa6ZLH</latexit><latexit sha1_base64="akwFzOFUWIRyqwgaJpm97OCK6V0=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69BItQQUoioh4LXjxWsB/ShDLZbtulm03Y3RRK6D/x4kERr/4Tb/4bt20O2vpg4PHeDDPzwoQzpV332yqsrW9sbhW3Szu7e/sH9uFRU8WpJLRBYh7LdoiKciZoQzPNaTuRFKOQ01Y4upv5rTGVisXiUU8SGkQ4EKzPCGojdW27XfGRJ0O88EOq8fypa5fdqjuHs0q8nJQhR71rf/m9mKQRFZpwVKrjuYkOMpSaEU6nJT9VNEEywgHtGCowoirI5pdPnTOj9Jx+LE0J7czV3xMZRkpNotB0RqiHatmbif95nVT3b4OMiSTVVJDFon7KHR07sxicHpOUaD4xBIlk5laHDFEi0SaskgnBW355lTQvq55b9R6uyrXrPI4inMApVMCDG6jBPdShAQTG8Ayv8GZl1ov1bn0sWgtWPnMMf2B9/gBa6ZLH</latexit><latexit sha1_base64="akwFzOFUWIRyqwgaJpm97OCK6V0=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69BItQQUoioh4LXjxWsB/ShDLZbtulm03Y3RRK6D/x4kERr/4Tb/4bt20O2vpg4PHeDDPzwoQzpV332yqsrW9sbhW3Szu7e/sH9uFRU8WpJLRBYh7LdoiKciZoQzPNaTuRFKOQ01Y4upv5rTGVisXiUU8SGkQ4EKzPCGojdW27XfGRJ0O88EOq8fypa5fdqjuHs0q8nJQhR71rf/m9mKQRFZpwVKrjuYkOMpSaEU6nJT9VNEEywgHtGCowoirI5pdPnTOj9Jx+LE0J7czV3xMZRkpNotB0RqiHatmbif95nVT3b4OMiSTVVJDFon7KHR07sxicHpOUaD4xBIlk5laHDFEi0SaskgnBW355lTQvq55b9R6uyrXrPI4inMApVMCDG6jBPdShAQTG8Ayv8GZl1ov1bn0sWgtWPnMMf2B9/gBa6ZLH</latexit><latexit sha1_base64="akwFzOFUWIRyqwgaJpm97OCK6V0=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69BItQQUoioh4LXjxWsB/ShDLZbtulm03Y3RRK6D/x4kERr/4Tb/4bt20O2vpg4PHeDDPzwoQzpV332yqsrW9sbhW3Szu7e/sH9uFRU8WpJLRBYh7LdoiKciZoQzPNaTuRFKOQ01Y4upv5rTGVisXiUU8SGkQ4EKzPCGojdW27XfGRJ0O88EOq8fypa5fdqjuHs0q8nJQhR71rf/m9mKQRFZpwVKrjuYkOMpSaEU6nJT9VNEEywgHtGCowoirI5pdPnTOj9Jx+LE0J7czV3xMZRkpNotB0RqiHatmbif95nVT3b4OMiSTVVJDFon7KHR07sxicHpOUaD4xBIlk5laHDFEi0SaskgnBW355lTQvq55b9R6uyrXrPI4inMApVMCDG6jBPdShAQTG8Ayv8GZl1ov1bn0sWgtWPnMMf2B9/gBa6ZLH</latexit>

• The cross section, σ of a reaction, as defined here, has units of area, and can be thought of as the 
area around a nucleus X, over which an incoming particle can be captured (although this picture is 
not accurate).

• σ  can vary with velocity, i.e. energy

From definition:
number of reactions

unit time unit volume
= cross section⇥ velocity ⇥N↵NX ) r↵X = �↵X(v)vN↵NX

<latexit sha1_base64="WymHAqSr0CjcHYVY0AIiD01i4rc="></latexit><latexit sha1_base64="WymHAqSr0CjcHYVY0AIiD01i4rc="></latexit><latexit sha1_base64="WymHAqSr0CjcHYVY0AIiD01i4rc="></latexit><latexit sha1_base64="WymHAqSr0CjcHYVY0AIiD01i4rc="></latexit>



Rate of nuclear reactions



Thermal equilibrium

Give each person in a group 1000€ and let them exchange freely. The total amount of money is 
conserved

exp(�money/1000EUR)
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More generally,
so the entire problem reduces to determining <σv>

In a mixture of gases in thermal equilibrium, there exists a spectrum of relative velocities between 
the particles of type α and X, just as α and X individually have well defined velocity spectra

Nuclei inside stars, with the exception of neutron stars, are always non-degenerate, therefore the 
spectrum of relative velocities follows the Maxwell-Boltzmann distribution
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Combined with the definition for the nuclear reaction rate, it follows that 

⌧↵(X) = (1 + �)�1 NX

r↵X
= (h�viN↵)

�1

<latexit sha1_base64="YsgGn2a60KH2RxJdipeiAnu7m0U="></latexit><latexit sha1_base64="YsgGn2a60KH2RxJdipeiAnu7m0U="></latexit><latexit sha1_base64="YsgGn2a60KH2RxJdipeiAnu7m0U="></latexit><latexit sha1_base64="YsgGn2a60KH2RxJdipeiAnu7m0U="></latexit>

for multiple reactions involving X:
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Step 1: Evaluate 
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Evaluation of the integral
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Depends on quantum interactions, coulomb barrier, nuclear properties…impossible to evaluate 
analytically, but we can do some tricks

�(v) = Penetration Probability ⇥ Size (De Broglie)⇥Nuclear Properties⇥ constant factor
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<latexit sha1_base64="u5KsSB9NFUReqwHAJddjGucgCdQ=">AAAB8nicdVDLSgMxFM34rPVVdekmWARXJSnSx64ggssK9gHtUDJppg3NJEOSEcown+HGhSJu/Rp3/o2ZtoKKHrhwOOde7r0niAU3FqEPb219Y3Nru7BT3N3bPzgsHR13jUo0ZR2qhNL9gBgmuGQdy61g/VgzEgWC9YLZVe737pk2XMk7O4+ZH5GJ5CGnxDppMAw1oSnO0utsVCqjCkIIYwxzgus15Eiz2ajiBsS55VAGK7RHpffhWNEkYtJSQYwZYBRbPyXacipYVhwmhsWEzsiEDRyVJGLGTxcnZ/DcKWMYKu1KWrhQv0+kJDJmHgWuMyJ2an57ufiXN0hs2PBTLuPEMkmXi8JEQKtg/j8cc82oFXNHCNXc3QrplLgUrEup6EL4+hT+T7rVCkYVfHtZbtVWcRTAKTgDFwCDOmiBG9AGHUCBAg/gCTx71nv0XrzXZeuat5o5AT/gvX0Cn3mRcA==</latexit><latexit sha1_base64="u5KsSB9NFUReqwHAJddjGucgCdQ=">AAAB8nicdVDLSgMxFM34rPVVdekmWARXJSnSx64ggssK9gHtUDJppg3NJEOSEcown+HGhSJu/Rp3/o2ZtoKKHrhwOOde7r0niAU3FqEPb219Y3Nru7BT3N3bPzgsHR13jUo0ZR2qhNL9gBgmuGQdy61g/VgzEgWC9YLZVe737pk2XMk7O4+ZH5GJ5CGnxDppMAw1oSnO0utsVCqjCkIIYwxzgus15Eiz2ajiBsS55VAGK7RHpffhWNEkYtJSQYwZYBRbPyXacipYVhwmhsWEzsiEDRyVJGLGTxcnZ/DcKWMYKu1KWrhQv0+kJDJmHgWuMyJ2an57ufiXN0hs2PBTLuPEMkmXi8JEQKtg/j8cc82oFXNHCNXc3QrplLgUrEup6EL4+hT+T7rVCkYVfHtZbtVWcRTAKTgDFwCDOmiBG9AGHUCBAg/gCTx71nv0XrzXZeuat5o5AT/gvX0Cn3mRcA==</latexit><latexit sha1_base64="u5KsSB9NFUReqwHAJddjGucgCdQ=">AAAB8nicdVDLSgMxFM34rPVVdekmWARXJSnSx64ggssK9gHtUDJppg3NJEOSEcown+HGhSJu/Rp3/o2ZtoKKHrhwOOde7r0niAU3FqEPb219Y3Nru7BT3N3bPzgsHR13jUo0ZR2qhNL9gBgmuGQdy61g/VgzEgWC9YLZVe737pk2XMk7O4+ZH5GJ5CGnxDppMAw1oSnO0utsVCqjCkIIYwxzgus15Eiz2ajiBsS55VAGK7RHpffhWNEkYtJSQYwZYBRbPyXacipYVhwmhsWEzsiEDRyVJGLGTxcnZ/DcKWMYKu1KWrhQv0+kJDJmHgWuMyJ2an57ufiXN0hs2PBTLuPEMkmXi8JEQKtg/j8cc82oFXNHCNXc3QrplLgUrEup6EL4+hT+T7rVCkYVfHtZbtVWcRTAKTgDFwCDOmiBG9AGHUCBAg/gCTx71nv0XrzXZeuat5o5AT/gvX0Cn3mRcA==</latexit><latexit sha1_base64="u5KsSB9NFUReqwHAJddjGucgCdQ=">AAAB8nicdVDLSgMxFM34rPVVdekmWARXJSnSx64ggssK9gHtUDJppg3NJEOSEcown+HGhSJu/Rp3/o2ZtoKKHrhwOOde7r0niAU3FqEPb219Y3Nru7BT3N3bPzgsHR13jUo0ZR2qhNL9gBgmuGQdy61g/VgzEgWC9YLZVe737pk2XMk7O4+ZH5GJ5CGnxDppMAw1oSnO0utsVCqjCkIIYwxzgus15Eiz2ajiBsS55VAGK7RHpffhWNEkYtJSQYwZYBRbPyXacipYVhwmhsWEzsiEDRyVJGLGTxcnZ/DcKWMYKu1KWrhQv0+kJDJmHgWuMyJ2an57ufiXN0hs2PBTLuPEMkmXi8JEQKtg/j8cc82oFXNHCNXc3QrplLgUrEup6EL4+hT+T7rVCkYVfHtZbtVWcRTAKTgDFwCDOmiBG9AGHUCBAg/gCTx71nv0XrzXZeuat5o5AT/gvX0Cn3mRcA==</latexit>

Astrophysical Factor := S(E)
<latexit sha1_base64="RDIkbAQCoEb6RDzh9Ax2HLGLmbc="></latexit><latexit sha1_base64="RDIkbAQCoEb6RDzh9Ax2HLGLmbc="></latexit><latexit sha1_base64="RDIkbAQCoEb6RDzh9Ax2HLGLmbc="></latexit><latexit sha1_base64="RDIkbAQCoEb6RDzh9Ax2HLGLmbc="></latexit>

i. e. we can “hide” all unknown nuclear terms and constants inside S(E)

�(E) ⌘ S(E)E�1 exp(�bE�1/2); b = 31.28Z1Z2A
1/2

<latexit sha1_base64="nyVcglbadFB36hNDFbXEtj/pQms="></latexit><latexit sha1_base64="nyVcglbadFB36hNDFbXEtj/pQms="></latexit><latexit sha1_base64="nyVcglbadFB36hNDFbXEtj/pQms="></latexit><latexit sha1_base64="nyVcglbadFB36hNDFbXEtj/pQms="></latexit>

The energy difference between nuclear states is usually larger than the energy range of nuclear reactions 
inside stars. 
This means that in many cases S(E) is a slowly varying function of energy and can be fixed to a 
constant when evaluating astrophysical rates

Rate of nuclear reactions



Step 1: Evaluate 

r↵X = (1 + �↵X)�1N↵NX4⇡
⇣ µ
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v3�(v) exp

✓
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◆
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<latexit sha1_base64="OuP2Bn4z1lDY+M9UgmdLvaFJaBY="></latexit><latexit sha1_base64="OuP2Bn4z1lDY+M9UgmdLvaFJaBY="></latexit><latexit sha1_base64="OuP2Bn4z1lDY+M9UgmdLvaFJaBY="></latexit><latexit sha1_base64="OuP2Bn4z1lDY+M9UgmdLvaFJaBY="></latexit>

Evaluation of the integral

�(v)
<latexit sha1_base64="Q3epZ+WK+VtDiy1LbYneqOvcymw=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBDiJeyKqMeAF48RzAOTJcxOZpMh81hmZgNhyV948aCIV//Gm3/jJNmDJhY0FFXddHdFCWfG+v63t7a+sbm1Xdgp7u7tHxyWjo6bRqWa0AZRXOl2hA3lTNKGZZbTdqIpFhGnrWh0N/NbY6oNU/LRThIaCjyQLGYEWyc9dQ0bCIwq44teqexX/TnQKglyUoYc9V7pq9tXJBVUWsKxMZ3AT2yYYW0Z4XRa7KaGJpiM8IB2HJVYUBNm84un6NwpfRQr7UpaNFd/T2RYGDMRkesU2A7NsjcT//M6qY1vw4zJJLVUksWiOOXIKjR7H/WZpsTyiSOYaOZuRWSINSbWhVR0IQTLL6+S5mU18KvBw1W5dp3HUYBTOIMKBHADNbiHOjSAgIRneIU3z3gv3rv3sWhd8/KZE/gD7/MHlZuQJg==</latexit><latexit sha1_base64="Q3epZ+WK+VtDiy1LbYneqOvcymw=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBDiJeyKqMeAF48RzAOTJcxOZpMh81hmZgNhyV948aCIV//Gm3/jJNmDJhY0FFXddHdFCWfG+v63t7a+sbm1Xdgp7u7tHxyWjo6bRqWa0AZRXOl2hA3lTNKGZZbTdqIpFhGnrWh0N/NbY6oNU/LRThIaCjyQLGYEWyc9dQ0bCIwq44teqexX/TnQKglyUoYc9V7pq9tXJBVUWsKxMZ3AT2yYYW0Z4XRa7KaGJpiM8IB2HJVYUBNm84un6NwpfRQr7UpaNFd/T2RYGDMRkesU2A7NsjcT//M6qY1vw4zJJLVUksWiOOXIKjR7H/WZpsTyiSOYaOZuRWSINSbWhVR0IQTLL6+S5mU18KvBw1W5dp3HUYBTOIMKBHADNbiHOjSAgIRneIU3z3gv3rv3sWhd8/KZE/gD7/MHlZuQJg==</latexit><latexit sha1_base64="Q3epZ+WK+VtDiy1LbYneqOvcymw=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBDiJeyKqMeAF48RzAOTJcxOZpMh81hmZgNhyV948aCIV//Gm3/jJNmDJhY0FFXddHdFCWfG+v63t7a+sbm1Xdgp7u7tHxyWjo6bRqWa0AZRXOl2hA3lTNKGZZbTdqIpFhGnrWh0N/NbY6oNU/LRThIaCjyQLGYEWyc9dQ0bCIwq44teqexX/TnQKglyUoYc9V7pq9tXJBVUWsKxMZ3AT2yYYW0Z4XRa7KaGJpiM8IB2HJVYUBNm84un6NwpfRQr7UpaNFd/T2RYGDMRkesU2A7NsjcT//M6qY1vw4zJJLVUksWiOOXIKjR7H/WZpsTyiSOYaOZuRWSINSbWhVR0IQTLL6+S5mU18KvBw1W5dp3HUYBTOIMKBHADNbiHOjSAgIRneIU3z3gv3rv3sWhd8/KZE/gD7/MHlZuQJg==</latexit><latexit sha1_base64="Q3epZ+WK+VtDiy1LbYneqOvcymw=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBDiJeyKqMeAF48RzAOTJcxOZpMh81hmZgNhyV948aCIV//Gm3/jJNmDJhY0FFXddHdFCWfG+v63t7a+sbm1Xdgp7u7tHxyWjo6bRqWa0AZRXOl2hA3lTNKGZZbTdqIpFhGnrWh0N/NbY6oNU/LRThIaCjyQLGYEWyc9dQ0bCIwq44teqexX/TnQKglyUoYc9V7pq9tXJBVUWsKxMZ3AT2yYYW0Z4XRa7KaGJpiM8IB2HJVYUBNm84un6NwpfRQr7UpaNFd/T2RYGDMRkesU2A7NsjcT//M6qY1vw4zJJLVUksWiOOXIKjR7H/WZpsTyiSOYaOZuRWSINSbWhVR0IQTLL6+S5mU18KvBw1W5dp3HUYBTOIMKBHADNbiHOjSAgIRneIU3z3gv3rv3sWhd8/KZE/gD7/MHlZuQJg==</latexit>

Rate of nuclear reactions

      can vary by many orders of magnitude 
over a relatively narrow energy range

�(v)
<latexit sha1_base64="Q3epZ+WK+VtDiy1LbYneqOvcymw=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBDiJeyKqMeAF48RzAOTJcxOZpMh81hmZgNhyV948aCIV//Gm3/jJNmDJhY0FFXddHdFCWfG+v63t7a+sbm1Xdgp7u7tHxyWjo6bRqWa0AZRXOl2hA3lTNKGZZbTdqIpFhGnrWh0N/NbY6oNU/LRThIaCjyQLGYEWyc9dQ0bCIwq44teqexX/TnQKglyUoYc9V7pq9tXJBVUWsKxMZ3AT2yYYW0Z4XRa7KaGJpiM8IB2HJVYUBNm84un6NwpfRQr7UpaNFd/T2RYGDMRkesU2A7NsjcT//M6qY1vw4zJJLVUksWiOOXIKjR7H/WZpsTyiSOYaOZuRWSINSbWhVR0IQTLL6+S5mU18KvBw1W5dp3HUYBTOIMKBHADNbiHOjSAgIRneIU3z3gv3rv3sWhd8/KZE/gD7/MHlZuQJg==</latexit><latexit sha1_base64="Q3epZ+WK+VtDiy1LbYneqOvcymw=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBDiJeyKqMeAF48RzAOTJcxOZpMh81hmZgNhyV948aCIV//Gm3/jJNmDJhY0FFXddHdFCWfG+v63t7a+sbm1Xdgp7u7tHxyWjo6bRqWa0AZRXOl2hA3lTNKGZZbTdqIpFhGnrWh0N/NbY6oNU/LRThIaCjyQLGYEWyc9dQ0bCIwq44teqexX/TnQKglyUoYc9V7pq9tXJBVUWsKxMZ3AT2yYYW0Z4XRa7KaGJpiM8IB2HJVYUBNm84un6NwpfRQr7UpaNFd/T2RYGDMRkesU2A7NsjcT//M6qY1vw4zJJLVUksWiOOXIKjR7H/WZpsTyiSOYaOZuRWSINSbWhVR0IQTLL6+S5mU18KvBw1W5dp3HUYBTOIMKBHADNbiHOjSAgIRneIU3z3gv3rv3sWhd8/KZE/gD7/MHlZuQJg==</latexit><latexit sha1_base64="Q3epZ+WK+VtDiy1LbYneqOvcymw=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBDiJeyKqMeAF48RzAOTJcxOZpMh81hmZgNhyV948aCIV//Gm3/jJNmDJhY0FFXddHdFCWfG+v63t7a+sbm1Xdgp7u7tHxyWjo6bRqWa0AZRXOl2hA3lTNKGZZbTdqIpFhGnrWh0N/NbY6oNU/LRThIaCjyQLGYEWyc9dQ0bCIwq44teqexX/TnQKglyUoYc9V7pq9tXJBVUWsKxMZ3AT2yYYW0Z4XRa7KaGJpiM8IB2HJVYUBNm84un6NwpfRQr7UpaNFd/T2RYGDMRkesU2A7NsjcT//M6qY1vw4zJJLVUksWiOOXIKjR7H/WZpsTyiSOYaOZuRWSINSbWhVR0IQTLL6+S5mU18KvBw1W5dp3HUYBTOIMKBHADNbiHOjSAgIRneIU3z3gv3rv3sWhd8/KZE/gD7/MHlZuQJg==</latexit><latexit sha1_base64="Q3epZ+WK+VtDiy1LbYneqOvcymw=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBDiJeyKqMeAF48RzAOTJcxOZpMh81hmZgNhyV948aCIV//Gm3/jJNmDJhY0FFXddHdFCWfG+v63t7a+sbm1Xdgp7u7tHxyWjo6bRqWa0AZRXOl2hA3lTNKGZZbTdqIpFhGnrWh0N/NbY6oNU/LRThIaCjyQLGYEWyc9dQ0bCIwq44teqexX/TnQKglyUoYc9V7pq9tXJBVUWsKxMZ3AT2yYYW0Z4XRa7KaGJpiM8IB2HJVYUBNm84un6NwpfRQr7UpaNFd/T2RYGDMRkesU2A7NsjcT//M6qY1vw4zJJLVUksWiOOXIKjR7H/WZpsTyiSOYaOZuRWSINSbWhVR0IQTLL6+S5mU18KvBw1W5dp3HUYBTOIMKBHADNbiHOjSAgIRneIU3z3gv3rv3sWhd8/KZE/gD7/MHlZuQJg==</latexit>

Figure by CLAYTON



Often S(E) is measured only at high energies in the lab and extrapolated down to astrophysical 
energies. Only recently direct measurements at low energies are becoming possible (still for a 
limited number of reactions)

D(p, �)3He astrophysical factor
<latexit sha1_base64="bOTU2GuTNXNQNVJKi4FyuRrsQ90=">AAACH3icbVBNSwMxFMz6WetX1aOXYBEqSNlVqR4FPfSoYFXo1vI2zbahyWZJskJZ1l/ixb/ixYMi4s1/Y7ruQVsHAsPMG17eBDFn2rjulzMzOze/sFhaKi+vrK6tVzY2r7VMFKEtIrlUtwFoyllEW4YZTm9jRUEEnN4Ew7Oxf3NPlWYyujKjmHYE9CMWMgLGSt1KI/WVwOdZLd73+yAE7N0d5lKTZg85AW2UjAcjbTP8IQRipMq6lapbd3PgaeIVpIoKXHQrn35PkkTQyBAOWrc9NzadFJRhhNOs7CeaxkCG0KdtSyMQVHfS/L4M71qlh0Op7IsMztXfiRSE1iMR2EkBZqAnvbH4n9dOTHjSSVkUJ4ZG5GdRmHBsJB6XhXtMUWL4yBIgitm/YjIAZTuwlZZtCd7kydPk+qDuuXXv8qh62ijqKKFttINqyEPH6BQ10QVqIYIe0TN6RW/Ok/PivDsfP6MzTpHZQn/gfH0D5D6jgw==</latexit><latexit sha1_base64="bOTU2GuTNXNQNVJKi4FyuRrsQ90=">AAACH3icbVBNSwMxFMz6WetX1aOXYBEqSNlVqR4FPfSoYFXo1vI2zbahyWZJskJZ1l/ixb/ixYMi4s1/Y7ruQVsHAsPMG17eBDFn2rjulzMzOze/sFhaKi+vrK6tVzY2r7VMFKEtIrlUtwFoyllEW4YZTm9jRUEEnN4Ew7Oxf3NPlWYyujKjmHYE9CMWMgLGSt1KI/WVwOdZLd73+yAE7N0d5lKTZg85AW2UjAcjbTP8IQRipMq6lapbd3PgaeIVpIoKXHQrn35PkkTQyBAOWrc9NzadFJRhhNOs7CeaxkCG0KdtSyMQVHfS/L4M71qlh0Op7IsMztXfiRSE1iMR2EkBZqAnvbH4n9dOTHjSSVkUJ4ZG5GdRmHBsJB6XhXtMUWL4yBIgitm/YjIAZTuwlZZtCd7kydPk+qDuuXXv8qh62ijqKKFttINqyEPH6BQ10QVqIYIe0TN6RW/Ok/PivDsfP6MzTpHZQn/gfH0D5D6jgw==</latexit><latexit sha1_base64="bOTU2GuTNXNQNVJKi4FyuRrsQ90=">AAACH3icbVBNSwMxFMz6WetX1aOXYBEqSNlVqR4FPfSoYFXo1vI2zbahyWZJskJZ1l/ixb/ixYMi4s1/Y7ruQVsHAsPMG17eBDFn2rjulzMzOze/sFhaKi+vrK6tVzY2r7VMFKEtIrlUtwFoyllEW4YZTm9jRUEEnN4Ew7Oxf3NPlWYyujKjmHYE9CMWMgLGSt1KI/WVwOdZLd73+yAE7N0d5lKTZg85AW2UjAcjbTP8IQRipMq6lapbd3PgaeIVpIoKXHQrn35PkkTQyBAOWrc9NzadFJRhhNOs7CeaxkCG0KdtSyMQVHfS/L4M71qlh0Op7IsMztXfiRSE1iMR2EkBZqAnvbH4n9dOTHjSSVkUJ4ZG5GdRmHBsJB6XhXtMUWL4yBIgitm/YjIAZTuwlZZtCd7kydPk+qDuuXXv8qh62ijqKKFttINqyEPH6BQ10QVqIYIe0TN6RW/Ok/PivDsfP6MzTpHZQn/gfH0D5D6jgw==</latexit><latexit sha1_base64="bOTU2GuTNXNQNVJKi4FyuRrsQ90=">AAACH3icbVBNSwMxFMz6WetX1aOXYBEqSNlVqR4FPfSoYFXo1vI2zbahyWZJskJZ1l/ixb/ixYMi4s1/Y7ruQVsHAsPMG17eBDFn2rjulzMzOze/sFhaKi+vrK6tVzY2r7VMFKEtIrlUtwFoyllEW4YZTm9jRUEEnN4Ew7Oxf3NPlWYyujKjmHYE9CMWMgLGSt1KI/WVwOdZLd73+yAE7N0d5lKTZg85AW2UjAcjbTP8IQRipMq6lapbd3PgaeIVpIoKXHQrn35PkkTQyBAOWrc9NzadFJRhhNOs7CeaxkCG0KdtSyMQVHfS/L4M71qlh0Op7IsMztXfiRSE1iMR2EkBZqAnvbH4n9dOTHjSSVkUJ4ZG5GdRmHBsJB6XhXtMUWL4yBIgitm/YjIAZTuwlZZtCd7kydPk+qDuuXXv8qh62ijqKKFttINqyEPH6BQ10QVqIYIe0TN6RW/Ok/PivDsfP6MzTpHZQn/gfH0D5D6jgw==</latexit>

Rate of nuclear reactions



Step 2: Replace �(v)
<latexit sha1_base64="KTzeKGCvvvQ1o32t9C0RKBo+5qk=">AAAB8HicbVDLSgNBEOz1GeMr6tHLYBDiJeyKqMeAF48RzEOSJcxOZpMh81hmZgNhyVd48aCIVz/Hm3/jJNmDJhY0FFXddHdFCWfG+v63t7a+sbm1Xdgp7u7tHxyWjo6bRqWa0AZRXOl2hA3lTNKGZZbTdqIpFhGnrWh0N/NbY6oNU/LRThIaCjyQLGYEWyc9dQ0bCFwZX/RKZb/qz4FWSZCTMuSo90pf3b4iqaDSEo6N6QR+YsMMa8sIp9NiNzU0wWSEB7TjqMSCmjCbHzxF507po1hpV9Kiufp7IsPCmImIXKfAdmiWvZn4n9dJbXwbZkwmqaWSLBbFKUdWodn3qM80JZZPHMFEM3crIkOsMbEuo6ILIVh+eZU0L6uBXw0ersq16zyOApzCGVQggBuowT3UoQEEBDzDK7x52nvx3r2PReual8+cwB94nz89Wo/8</latexit><latexit sha1_base64="KTzeKGCvvvQ1o32t9C0RKBo+5qk=">AAAB8HicbVDLSgNBEOz1GeMr6tHLYBDiJeyKqMeAF48RzEOSJcxOZpMh81hmZgNhyVd48aCIVz/Hm3/jJNmDJhY0FFXddHdFCWfG+v63t7a+sbm1Xdgp7u7tHxyWjo6bRqWa0AZRXOl2hA3lTNKGZZbTdqIpFhGnrWh0N/NbY6oNU/LRThIaCjyQLGYEWyc9dQ0bCFwZX/RKZb/qz4FWSZCTMuSo90pf3b4iqaDSEo6N6QR+YsMMa8sIp9NiNzU0wWSEB7TjqMSCmjCbHzxF507po1hpV9Kiufp7IsPCmImIXKfAdmiWvZn4n9dJbXwbZkwmqaWSLBbFKUdWodn3qM80JZZPHMFEM3crIkOsMbEuo6ILIVh+eZU0L6uBXw0ersq16zyOApzCGVQggBuowT3UoQEEBDzDK7x52nvx3r2PReual8+cwB94nz89Wo/8</latexit><latexit sha1_base64="KTzeKGCvvvQ1o32t9C0RKBo+5qk=">AAAB8HicbVDLSgNBEOz1GeMr6tHLYBDiJeyKqMeAF48RzEOSJcxOZpMh81hmZgNhyVd48aCIVz/Hm3/jJNmDJhY0FFXddHdFCWfG+v63t7a+sbm1Xdgp7u7tHxyWjo6bRqWa0AZRXOl2hA3lTNKGZZbTdqIpFhGnrWh0N/NbY6oNU/LRThIaCjyQLGYEWyc9dQ0bCFwZX/RKZb/qz4FWSZCTMuSo90pf3b4iqaDSEo6N6QR+YsMMa8sIp9NiNzU0wWSEB7TjqMSCmjCbHzxF507po1hpV9Kiufp7IsPCmImIXKfAdmiWvZn4n9dJbXwbZkwmqaWSLBbFKUdWodn3qM80JZZPHMFEM3crIkOsMbEuo6ILIVh+eZU0L6uBXw0ersq16zyOApzCGVQggBuowT3UoQEEBDzDK7x52nvx3r2PReual8+cwB94nz89Wo/8</latexit><latexit sha1_base64="KTzeKGCvvvQ1o32t9C0RKBo+5qk=">AAAB8HicbVDLSgNBEOz1GeMr6tHLYBDiJeyKqMeAF48RzEOSJcxOZpMh81hmZgNhyVd48aCIVz/Hm3/jJNmDJhY0FFXddHdFCWfG+v63t7a+sbm1Xdgp7u7tHxyWjo6bRqWa0AZRXOl2hA3lTNKGZZbTdqIpFhGnrWh0N/NbY6oNU/LRThIaCjyQLGYEWyc9dQ0bCFwZX/RKZb/qz4FWSZCTMuSo90pf3b4iqaDSEo6N6QR+YsMMa8sIp9NiNzU0wWSEB7TjqMSCmjCbHzxF507po1hpV9Kiufp7IsPCmImIXKfAdmiWvZn4n9dJbXwbZkwmqaWSLBbFKUdWodn3qM80JZZPHMFEM3crIkOsMbEuo6ILIVh+eZU0L6uBXw0ersq16zyOApzCGVQggBuowT3UoQEEBDzDK7x52nvx3r2PReual8+cwB94nz89Wo/8</latexit>

; v ! E
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Evaluation of the integral
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Rate of nuclear reactions



The Gamow Peak
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Evaluation of the integral

Rate of nuclear reactions

Step 4 (final!): Approximate Gamow peak with a Gaussian 
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<latexit sha1_base64="ZQWaWkCeA/4PomTBEHayVAS2RsA=">AAACGnicbZDLSgMxFIYz9VbrbdSlm2AR3FhnqqjLghtxVaE36ExLJj3ThmYuJhmhDPMcbnwVNy4UcSdufBvTy0Jbfwh8+c85JOf3Ys6ksqxvI7e0vLK6ll8vbGxube+Yu3sNGSWCQp1GPBItj0jgLIS6YopDKxZAAo9D0xtej+vNBxCSRWFNjWJwA9IPmc8oUdrqmvatI1kA99jxBaFpOUvPsmHNiVkntU/LmaNIMiXopCfjW9Y1i1bJmggvgj2DIpqp2jU/nV5EkwBCRTmRsm1bsXJTIhSjHLKCk0iICR2SPrQ1hiQA6aaT1TJ8pJ0e9iOhT6jwxP09kZJAylHg6c6AqIGcr43N/2rtRPlXbsrCOFEQ0ulDfsKxivA4J9xjAqjiIw2ECqb/iumA6IyUTrOgQ7DnV16ERrlkWyX77rxYuZjFkUcH6BAdIxtdogq6QVVURxQ9omf0it6MJ+PFeDc+pq05Yzazj/7I+PoB2hWgsw==</latexit><latexit sha1_base64="ZQWaWkCeA/4PomTBEHayVAS2RsA=">AAACGnicbZDLSgMxFIYz9VbrbdSlm2AR3FhnqqjLghtxVaE36ExLJj3ThmYuJhmhDPMcbnwVNy4UcSdufBvTy0Jbfwh8+c85JOf3Ys6ksqxvI7e0vLK6ll8vbGxube+Yu3sNGSWCQp1GPBItj0jgLIS6YopDKxZAAo9D0xtej+vNBxCSRWFNjWJwA9IPmc8oUdrqmvatI1kA99jxBaFpOUvPsmHNiVkntU/LmaNIMiXopCfjW9Y1i1bJmggvgj2DIpqp2jU/nV5EkwBCRTmRsm1bsXJTIhSjHLKCk0iICR2SPrQ1hiQA6aaT1TJ8pJ0e9iOhT6jwxP09kZJAylHg6c6AqIGcr43N/2rtRPlXbsrCOFEQ0ulDfsKxivA4J9xjAqjiIw2ECqb/iumA6IyUTrOgQ7DnV16ERrlkWyX77rxYuZjFkUcH6BAdIxtdogq6QVVURxQ9omf0it6MJ+PFeDc+pq05Yzazj/7I+PoB2hWgsw==</latexit><latexit sha1_base64="ZQWaWkCeA/4PomTBEHayVAS2RsA=">AAACGnicbZDLSgMxFIYz9VbrbdSlm2AR3FhnqqjLghtxVaE36ExLJj3ThmYuJhmhDPMcbnwVNy4UcSdufBvTy0Jbfwh8+c85JOf3Ys6ksqxvI7e0vLK6ll8vbGxube+Yu3sNGSWCQp1GPBItj0jgLIS6YopDKxZAAo9D0xtej+vNBxCSRWFNjWJwA9IPmc8oUdrqmvatI1kA99jxBaFpOUvPsmHNiVkntU/LmaNIMiXopCfjW9Y1i1bJmggvgj2DIpqp2jU/nV5EkwBCRTmRsm1bsXJTIhSjHLKCk0iICR2SPrQ1hiQA6aaT1TJ8pJ0e9iOhT6jwxP09kZJAylHg6c6AqIGcr43N/2rtRPlXbsrCOFEQ0ulDfsKxivA4J9xjAqjiIw2ECqb/iumA6IyUTrOgQ7DnV16ERrlkWyX77rxYuZjFkUcH6BAdIxtdogq6QVVURxQ9omf0it6MJ+PFeDc+pq05Yzazj/7I+PoB2hWgsw==</latexit><latexit sha1_base64="ZQWaWkCeA/4PomTBEHayVAS2RsA=">AAACGnicbZDLSgMxFIYz9VbrbdSlm2AR3FhnqqjLghtxVaE36ExLJj3ThmYuJhmhDPMcbnwVNy4UcSdufBvTy0Jbfwh8+c85JOf3Ys6ksqxvI7e0vLK6ll8vbGxube+Yu3sNGSWCQp1GPBItj0jgLIS6YopDKxZAAo9D0xtej+vNBxCSRWFNjWJwA9IPmc8oUdrqmvatI1kA99jxBaFpOUvPsmHNiVkntU/LmaNIMiXopCfjW9Y1i1bJmggvgj2DIpqp2jU/nV5EkwBCRTmRsm1bsXJTIhSjHLKCk0iICR2SPrQ1hiQA6aaT1TJ8pJ0e9iOhT6jwxP09kZJAylHg6c6AqIGcr43N/2rtRPlXbsrCOFEQ0ulDfsKxivA4J9xjAqjiIw2ECqb/iumA6IyUTrOgQ7DnV16ERrlkWyX77rxYuZjFkUcH6BAdIxtdogq6QVVURxQ9omf0it6MJ+PFeDc+pq05Yzazj/7I+PoB2hWgsw==</latexit>

h�vi ' 4

3

✓
2

µ

◆1/2 1

(kT )1/2
S0⌧

1/2e�⌧

<latexit sha1_base64="tuFgi/ndPsHg8ZTONDR7ihmr+G8="></latexit><latexit sha1_base64="tuFgi/ndPsHg8ZTONDR7ihmr+G8="></latexit><latexit sha1_base64="tuFgi/ndPsHg8ZTONDR7ihmr+G8="></latexit><latexit sha1_base64="tuFgi/ndPsHg8ZTONDR7ihmr+G8="></latexit>
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<latexit sha1_base64="DKFBSGWYr4yqqhv1Sb2yGgeSodQ="></latexit><latexit sha1_base64="DKFBSGWYr4yqqhv1Sb2yGgeSodQ="></latexit><latexit sha1_base64="DKFBSGWYr4yqqhv1Sb2yGgeSodQ="></latexit><latexit sha1_base64="DKFBSGWYr4yqqhv1Sb2yGgeSodQ="></latexit>



Rate of nuclear reactions

Some Important properties
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<latexit sha1_base64="kuzfWEXG2CKdA0jK0Uo/zqq6S9Y="></latexit><latexit sha1_base64="kuzfWEXG2CKdA0jK0Uo/zqq6S9Y="></latexit><latexit sha1_base64="kuzfWEXG2CKdA0jK0Uo/zqq6S9Y="></latexit><latexit sha1_base64="kuzfWEXG2CKdA0jK0Uo/zqq6S9Y="></latexit>

Temperature dependence  of nuclear reactions

Effective width of Gamow peak: � =
4p
3
(E0kT )

1/2

<latexit sha1_base64="YkZ13Q3lfhCzoyEM4SEYvUmYnUs=">AAACE3icbVDLSgNBEJyN7/ha9ehlMAjRQ9xVUS+CoIJHhbwgG8PsZFaHzD6c6RXCsP/gxV/x4kERr168+TdOkj1otKChqOqmu8tPBFfgOF9WYWJyanpmdq44v7C4tGyvrNZVnErKajQWsWz6RDHBI1YDDoI1E8lI6AvW8HunA79xz6TicVSFfsLaIbmJeMApASN17G3vjAkg+Bh7gSRU72faU3cS9F6Wlc872sl61a1r7e7sZh275FScIfBf4uakhHJcduxPrxvTNGQRUEGUarlOAm1NJHAqWFb0UsUSQnvkhrUMjUjIVFsPf8rwplG6OIilqQjwUP05oUmoVD/0TWdI4FaNewPxP6+VQnDU1jxKUmARHS0KUoEhxoOAcJdLRkH0DSFUcnMrprfEZAMmxqIJwR1/+S+p71Zcp+Je7ZdODvI4ZtE62kBl5KJDdIIu0CWqIYoe0BN6Qa/Wo/VsvVnvo9aClc+soV+wPr4BeFCdNw==</latexit><latexit sha1_base64="YkZ13Q3lfhCzoyEM4SEYvUmYnUs=">AAACE3icbVDLSgNBEJyN7/ha9ehlMAjRQ9xVUS+CoIJHhbwgG8PsZFaHzD6c6RXCsP/gxV/x4kERr168+TdOkj1otKChqOqmu8tPBFfgOF9WYWJyanpmdq44v7C4tGyvrNZVnErKajQWsWz6RDHBI1YDDoI1E8lI6AvW8HunA79xz6TicVSFfsLaIbmJeMApASN17G3vjAkg+Bh7gSRU72faU3cS9F6Wlc872sl61a1r7e7sZh275FScIfBf4uakhHJcduxPrxvTNGQRUEGUarlOAm1NJHAqWFb0UsUSQnvkhrUMjUjIVFsPf8rwplG6OIilqQjwUP05oUmoVD/0TWdI4FaNewPxP6+VQnDU1jxKUmARHS0KUoEhxoOAcJdLRkH0DSFUcnMrprfEZAMmxqIJwR1/+S+p71Zcp+Je7ZdODvI4ZtE62kBl5KJDdIIu0CWqIYoe0BN6Qa/Wo/VsvVnvo9aClc+soV+wPr4BeFCdNw==</latexit><latexit sha1_base64="YkZ13Q3lfhCzoyEM4SEYvUmYnUs=">AAACE3icbVDLSgNBEJyN7/ha9ehlMAjRQ9xVUS+CoIJHhbwgG8PsZFaHzD6c6RXCsP/gxV/x4kERr168+TdOkj1otKChqOqmu8tPBFfgOF9WYWJyanpmdq44v7C4tGyvrNZVnErKajQWsWz6RDHBI1YDDoI1E8lI6AvW8HunA79xz6TicVSFfsLaIbmJeMApASN17G3vjAkg+Bh7gSRU72faU3cS9F6Wlc872sl61a1r7e7sZh275FScIfBf4uakhHJcduxPrxvTNGQRUEGUarlOAm1NJHAqWFb0UsUSQnvkhrUMjUjIVFsPf8rwplG6OIilqQjwUP05oUmoVD/0TWdI4FaNewPxP6+VQnDU1jxKUmARHS0KUoEhxoOAcJdLRkH0DSFUcnMrprfEZAMmxqIJwR1/+S+p71Zcp+Je7ZdODvI4ZtE62kBl5KJDdIIu0CWqIYoe0BN6Qa/Wo/VsvVnvo9aClc+soV+wPr4BeFCdNw==</latexit><latexit sha1_base64="YkZ13Q3lfhCzoyEM4SEYvUmYnUs=">AAACE3icbVDLSgNBEJyN7/ha9ehlMAjRQ9xVUS+CoIJHhbwgG8PsZFaHzD6c6RXCsP/gxV/x4kERr168+TdOkj1otKChqOqmu8tPBFfgOF9WYWJyanpmdq44v7C4tGyvrNZVnErKajQWsWz6RDHBI1YDDoI1E8lI6AvW8HunA79xz6TicVSFfsLaIbmJeMApASN17G3vjAkg+Bh7gSRU72faU3cS9F6Wlc872sl61a1r7e7sZh275FScIfBf4uakhHJcduxPrxvTNGQRUEGUarlOAm1NJHAqWFb0UsUSQnvkhrUMjUjIVFsPf8rwplG6OIilqQjwUP05oUmoVD/0TWdI4FaNewPxP6+VQnDU1jxKUmARHS0KUoEhxoOAcJdLRkH0DSFUcnMrprfEZAMmxqIJwR1/+S+p71Zcp+Je7ZdODvI4ZtE62kBl5KJDdIIu0CWqIYoe0BN6Qa/Wo/VsvVnvo9aClc+soV+wPr4BeFCdNw==</latexit>
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<latexit sha1_base64="7VqnIcKpOBS8xaeiUZr1WcX5U2c="></latexit><latexit sha1_base64="7VqnIcKpOBS8xaeiUZr1WcX5U2c="></latexit><latexit sha1_base64="7VqnIcKpOBS8xaeiUZr1WcX5U2c="></latexit><latexit sha1_base64="7VqnIcKpOBS8xaeiUZr1WcX5U2c="></latexit>

Rates drop enormously with increasing 
Coulomb-barrier

Hight of Gamow peak: Imax = exp(�3E0/kT )
<latexit sha1_base64="0fpquYwRtjwgkkT8Lx/uH3IbmwM=">AAACBXicbVDLSsNAFJ34rPUVdamLwSLUhTVRUTdCQQTdVegLmhAm00k7dCYJMxNpCd248VfcuFDErf/gzr9x2mahrQcuHM65l3vv8WNGpbKsb2NufmFxaTm3kl9dW9/YNLe26zJKBCY1HLFINH0kCaMhqSmqGGnGgiDuM9Lwe9cjv/FAhKRRWFWDmLgcdUIaUIyUljxz785LHcEhR/0hvIIO6cfFo9MbzzruVQ89s2CVrDHgLLEzUgAZKp755bQjnHASKsyQlC3bipWbIqEoZmSYdxJJYoR7qENamoaIE+mm4y+G8EArbRhEQleo4Fj9PZEiLuWA+7qTI9WV095I/M9rJSq4dFMaxokiIZ4sChIGVQRHkcA2FQQrNtAEYUH1rRB3kUBY6eDyOgR7+uVZUj8p2VbJvj8rlM+zOHJgF+yDIrDBBSiDW1ABNYDBI3gGr+DNeDJejHfjY9I6Z2QzO+APjM8feVmWkQ==</latexit><latexit sha1_base64="0fpquYwRtjwgkkT8Lx/uH3IbmwM=">AAACBXicbVDLSsNAFJ34rPUVdamLwSLUhTVRUTdCQQTdVegLmhAm00k7dCYJMxNpCd248VfcuFDErf/gzr9x2mahrQcuHM65l3vv8WNGpbKsb2NufmFxaTm3kl9dW9/YNLe26zJKBCY1HLFINH0kCaMhqSmqGGnGgiDuM9Lwe9cjv/FAhKRRWFWDmLgcdUIaUIyUljxz785LHcEhR/0hvIIO6cfFo9MbzzruVQ89s2CVrDHgLLEzUgAZKp755bQjnHASKsyQlC3bipWbIqEoZmSYdxJJYoR7qENamoaIE+mm4y+G8EArbRhEQleo4Fj9PZEiLuWA+7qTI9WV095I/M9rJSq4dFMaxokiIZ4sChIGVQRHkcA2FQQrNtAEYUH1rRB3kUBY6eDyOgR7+uVZUj8p2VbJvj8rlM+zOHJgF+yDIrDBBSiDW1ABNYDBI3gGr+DNeDJejHfjY9I6Z2QzO+APjM8feVmWkQ==</latexit><latexit sha1_base64="0fpquYwRtjwgkkT8Lx/uH3IbmwM=">AAACBXicbVDLSsNAFJ34rPUVdamLwSLUhTVRUTdCQQTdVegLmhAm00k7dCYJMxNpCd248VfcuFDErf/gzr9x2mahrQcuHM65l3vv8WNGpbKsb2NufmFxaTm3kl9dW9/YNLe26zJKBCY1HLFINH0kCaMhqSmqGGnGgiDuM9Lwe9cjv/FAhKRRWFWDmLgcdUIaUIyUljxz785LHcEhR/0hvIIO6cfFo9MbzzruVQ89s2CVrDHgLLEzUgAZKp755bQjnHASKsyQlC3bipWbIqEoZmSYdxJJYoR7qENamoaIE+mm4y+G8EArbRhEQleo4Fj9PZEiLuWA+7qTI9WV095I/M9rJSq4dFMaxokiIZ4sChIGVQRHkcA2FQQrNtAEYUH1rRB3kUBY6eDyOgR7+uVZUj8p2VbJvj8rlM+zOHJgF+yDIrDBBSiDW1ABNYDBI3gGr+DNeDJejHfjY9I6Z2QzO+APjM8feVmWkQ==</latexit><latexit sha1_base64="0fpquYwRtjwgkkT8Lx/uH3IbmwM=">AAACBXicbVDLSsNAFJ34rPUVdamLwSLUhTVRUTdCQQTdVegLmhAm00k7dCYJMxNpCd248VfcuFDErf/gzr9x2mahrQcuHM65l3vv8WNGpbKsb2NufmFxaTm3kl9dW9/YNLe26zJKBCY1HLFINH0kCaMhqSmqGGnGgiDuM9Lwe9cjv/FAhKRRWFWDmLgcdUIaUIyUljxz785LHcEhR/0hvIIO6cfFo9MbzzruVQ89s2CVrDHgLLEzUgAZKp755bQjnHASKsyQlC3bipWbIqEoZmSYdxJJYoR7qENamoaIE+mm4y+G8EArbRhEQleo4Fj9PZEiLuWA+7qTI9WV095I/M9rJSq4dFMaxokiIZ4sChIGVQRHkcA2FQQrNtAEYUH1rRB3kUBY6eDyOgR7+uVZUj8p2VbJvj8rlM+zOHJgF+yDIrDBBSiDW1ABNYDBI3gGr+DNeDJejHfjY9I6Z2QzO+APjM8feVmWkQ==</latexit>

• the thermonuclear reaction rate is one of the most strongly varying function treated in physics!
• need of efficient thermostat for regulation
• burning stages in stars are well separated, only few elements interact at a given time 



Fix: error is reduced by replacing

Rate of nuclear reactions
Errors introduced from assumptions

 1.        is not constant; a more accurate treatment would be to assume that it’s slowly changing 
around Gamow peak 

S0
<latexit sha1_base64="e8b3srZWX6cMa2JaxLQ0vTGfhsk=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF4+V2g9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJaPZpqgH9GR5CFn1Fip2Ry4g3LFrboLkHXi5aQCORqD8ld/GLM0QmmYoFr3PDcxfkaV4UzgrNRPNSaUTegIe5ZKGqH2s8WpM3JhlSEJY2VLGrJQf09kNNJ6GgW2M6JmrFe9ufif10tNeOtnXCapQcmWi8JUEBOT+d9kyBUyI6aWUKa4vZWwMVWUGZtOyYbgrb68TtpXVc+teg/XlXotj6MIZ3AOl+DBDdThHhrQAgYjeIZXeHOE8+K8Ox/L1oKTz5zCHzifP84jjW4=</latexit><latexit sha1_base64="e8b3srZWX6cMa2JaxLQ0vTGfhsk=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF4+V2g9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJaPZpqgH9GR5CFn1Fip2Ry4g3LFrboLkHXi5aQCORqD8ld/GLM0QmmYoFr3PDcxfkaV4UzgrNRPNSaUTegIe5ZKGqH2s8WpM3JhlSEJY2VLGrJQf09kNNJ6GgW2M6JmrFe9ufif10tNeOtnXCapQcmWi8JUEBOT+d9kyBUyI6aWUKa4vZWwMVWUGZtOyYbgrb68TtpXVc+teg/XlXotj6MIZ3AOl+DBDdThHhrQAgYjeIZXeHOE8+K8Ox/L1oKTz5zCHzifP84jjW4=</latexit><latexit sha1_base64="e8b3srZWX6cMa2JaxLQ0vTGfhsk=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF4+V2g9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJaPZpqgH9GR5CFn1Fip2Ry4g3LFrboLkHXi5aQCORqD8ld/GLM0QmmYoFr3PDcxfkaV4UzgrNRPNSaUTegIe5ZKGqH2s8WpM3JhlSEJY2VLGrJQf09kNNJ6GgW2M6JmrFe9ufif10tNeOtnXCapQcmWi8JUEBOT+d9kyBUyI6aWUKa4vZWwMVWUGZtOyYbgrb68TtpXVc+teg/XlXotj6MIZ3AOl+DBDdThHhrQAgYjeIZXeHOE8+K8Ox/L1oKTz5zCHzifP84jjW4=</latexit><latexit sha1_base64="e8b3srZWX6cMa2JaxLQ0vTGfhsk=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF4+V2g9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJaPZpqgH9GR5CFn1Fip2Ry4g3LFrboLkHXi5aQCORqD8ld/GLM0QmmYoFr3PDcxfkaV4UzgrNRPNSaUTegIe5ZKGqH2s8WpM3JhlSEJY2VLGrJQf09kNNJ6GgW2M6JmrFe9ufif10tNeOtnXCapQcmWi8JUEBOT+d9kyBUyI6aWUKa4vZWwMVWUGZtOyYbgrb68TtpXVc+teg/XlXotj6MIZ3AOl+DBDdThHhrQAgYjeIZXeHOE8+K8Ox/L1oKTz5zCHzifP84jjW4=</latexit>
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<latexit sha1_base64="d7gXeWsI+eRAPhM5pYT4GBFd6SE="></latexit><latexit sha1_base64="d7gXeWsI+eRAPhM5pYT4GBFd6SE="></latexit><latexit sha1_base64="d7gXeWsI+eRAPhM5pYT4GBFd6SE="></latexit><latexit sha1_base64="d7gXeWsI+eRAPhM5pYT4GBFd6SE="></latexit>
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<latexit sha1_base64="khvkGb15wSt/AnBuTSGdoaMpLn4="></latexit><latexit sha1_base64="khvkGb15wSt/AnBuTSGdoaMpLn4="></latexit><latexit sha1_base64="khvkGb15wSt/AnBuTSGdoaMpLn4="></latexit><latexit sha1_base64="khvkGb15wSt/AnBuTSGdoaMpLn4="></latexit>

 2.  Error introduced by replacing area with a gaussian function: correction factor depends on τ,

see CLAYTON for details

F (⌧)
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 3.  Interaction potential is not a pure two-body central potential. Most important modification comes 
from electron shielding which can lower the effective potential and increase the rate. For reactions 
inside stars, free electrons cluster around nuclei is spherical shells with radius equal to Debye-
Hückel radius
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Important for low temperatures and high densities!



 4.  Nuclear resonances can introduce strong local maxima that dominate in the reaction rate. 
Some resonances are predicted by theory (e.g. nuclear-shell model) while others are inferred 
experimentally, but some are not known!

Rate of nuclear reactions



Rate of nuclear reactions
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LUNA: Status and Prospects - Broggini, C. et al. Prog.Part.Nucl.Phys. 98 (2018) 55-84 arXiv:1707.07952
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http://inspirehep.net/record/1611559?ln=en
http://inspirehep.net/author/profile/Broggini%2C%20C.?recid=1611559&ln=en


Energy generation rate
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Once all reaction rates are known, the abundance changes due to nuclear burning can be calculated

Energy generation rate: 



Summary

Take Home Message

1. Thermonuclear fusion generates energy at high temperatures, providing an efficient 
energy source for the Sun and converting light elements to heavier (up to iron)


2. Reactions only possible due to QM tunnelling

3. Cross-section of a reaction depends on the nature of the interaction 

4. Astrophysical factor often constant within energy range relevant to stars

5. Rates depend strongly on Coulomb barrier, extremely temperature-dependent

6. Burning stages inside stars are well separated in temperature 

7. Rate modified by electron cloud, nuclear resonances 

8. Resonances not often known



Extra Slides



The nuclear shell model

Inspired by atomic model in which the Schrödinger equation is solved in a spherically-symmetric 
coulomb potential, yielding discrete electron orbits (shells) characterised by certain quantum 
numbers for the energy (n), angular momentum (l) and spin (s). 
Rules for building up the shells follow from Pauli’s exclusion principle for fermions: no more than two 
electrons can occupy a given (n,l) state.

For nucleus, there are several complications: two types of particles (neutrons, protons), 
nature of the interaction is not known, interacting particles closely packed…

Nuclear shell model: Assume that each nucleon moves in a static potential

Usual assumption: Empirical Wood-Saxon central potential + strong spin-orbit coupling term (non-EM)

V (r) = �V0/[1 + exp[(r �R)/a]] + V (~l ⇥ ~s)
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Solving the Schrödinger equation in 3D yields the allowed wave functions and energy levels for each 
nucleon



The nuclear shell model

Properties of the solution
Each nucleon is characterised by an energy level n(>0), an angular momentum l(>0), a spin s, and 
total angular momentum j
These combine via j-j coupling to form the total spin of the nucleus, I. 

Parity 
Y

= (�1)
P

l
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Energy splitting proportional to h~l ~si = 0.5(2l + 1)
<latexit sha1_base64="3QaAOwNr3iKQhnezlj35HUjeXLg="></latexit><latexit sha1_base64="3QaAOwNr3iKQhnezlj35HUjeXLg="></latexit><latexit sha1_base64="3QaAOwNr3iKQhnezlj35HUjeXLg="></latexit><latexit sha1_base64="3QaAOwNr3iKQhnezlj35HUjeXLg="></latexit>

Shells are filled according to Pauli’s exclusion principle, for each nucleon type

l = 1, 2, 3, 4, 5 . . . : s, p, d, f, g . . .
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j = l ± s
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Number of identical particles that can occupy a state: 2j+1



Nuclear shell model
Important Properties

Nuclei with filled major shells of protons or 
neutrons (or both), exhibit an energetically 
favourable configuration

Magic Numbers: masses, particle separation, 
energies, quadrupole moments 
 
Nuclei with completely filled sub shells have I=0, 
Π=1
 
For a single nucleon outside a closed shell, 
ground-state spin and parity are determined by the 
lowest-energy state available to the nucleon
Same holds for a single “hole” in a sub-shell
 
Partially-filled shells are more complicated. 
Experimentally, the ground states of doubly even 
nuclei have J=0, Π=1
 
Energetically favourable for pairs of p,n to couple 
to J=0  
 
Predictions of model, not always correct 

For further reading: CLAYTON; ILIADIS 



At very high temperatures (>5e9 K) nuclear statistical equilibrium (NSE) is achieved, i.e. the rates of 
all strong and electroweak reactions are exactly balanced by their reverse reactions,

With the above, each triplet                  yields a unique solution for 

Reactions in statistical equilibrium

↵+X $ b+ Y
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In NSE abundances are determined by a “nuclear Saha equation” which depends only on nuclear 
properties, the temperature T and the density ρ
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where Ai is the atomic number, Zi is the charge, T is the temperature, ⇢ is
the mass density, NA is the Avogadro number, G(A,Z, T ) is the temperature-
dependent partition function, M(Ai, Zi) is the mass of the nucleus, B(Ai, Zi)
is the binding energy and µ(Ai, Zi) is the chemical potential
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µ(Ai, Zi) = Ziµp +Niµn = Ziµp + (Ai � Zi)µn
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Considering conservation of baryon number, and conservation of charge
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see public code: http://cococubed.asu.edu/code_pages/nse.shtml by F. Timmes and references therein

dXi/dt = 0
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Reactions in statistical equilibrium

see public code: http://cococubed.asu.edu/code_pages/nse.shtml by F. Timmes and references therein
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