
Short bio

• My interest in space travel led me to study Aerospace 
Engineering in Madrid (Spain) from 1999 to 2004
• I worked on plasma thrusters in the research group of 

Eduardo Ahedo (EP2)

•  In 2004, I started my graduate studies at MIT in 
rocket science, but I switched to fusion in 2006
• Arturo convinced me!

• I got my PhD in 2009 and since then I have worked as 
a professor at MIT, Oxford and now Princeton

• I love to work on the theory of fusion plasmas 
because of its impact, its power to explain and predict 
unintuitive behavior of plasmas, and its elegance
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The promise of fusion energy
• Firm source of power

• Independent of weather

• No CO2 or greenhouse gasses

• It is an energy based on nuclear reactions, but
• No high-level nuclear waste
• No possibility of meltdown

• Fuel is abundant and available to all nations
• Can be extracted from seawater
• A GW fusion powerplant only needs a few kg of fuel per week – compared to the 100 tons 

of hydrocarbons needed to produce the same energy!
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What is nuclear fusion energy?
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Building a nucleus

• Binding energy per nucleon of a nucleus with Np 
protons and Nn neutrons
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�E =
[Npmp +Nnmn �M ]c2

Np +Nn

<latexit sha1_base64="0mjw0dlsR3PwmK1+XiYJeQrSlFg="></latexit>

mp = mass of the proton

mn = mass of the neutron

M = mass of the nucleus



Nuclear binding energy per nucleon
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Number of protons + number of neutrons

More energy available on this 
side of the periodic table!



• Nuclei have a “size” = cross section σ

• b = range of interaction

• Mean free path l: length that nucleus A travels without colliding with nucleus B

• Frequency of collisions of A with B:
• v = relative velocity between A and B

Fusion (and other) collisions
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<latexit sha1_base64="0MxkovDkSX/Rb2rT3zRaCcTywi0=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY9FLx6r2FpoQ9lsN+3SzSbsToQS+g+8eFDEq//Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNnGqGW+xWMa6E1DDpVC8hQIl7ySa0yiQ/DEY38z8xyeujYjVA04S7kd0qEQoGEUr3deCfrniVt05yCrxclKBHM1++as3iFkacYVMUmO6npugn1GNgkk+LfVSwxPKxnTIu5YqGnHjZ/NLp+TMKgMSxtqWQjJXf09kNDJmEgW2M6I4MsveTPzP66YYXvmZUEmKXLHFojCVBGMye5sMhOYM5cQSyrSwtxI2opoytOGUbAje8surpF2rehfV+l290rjO4yjCCZzCOXhwCQ24hSa0gEEIz/AKb87YeXHenY9Fa8HJZ47hD5zPHzi8jSs=</latexit>

2b

• Only one particle in the volume σl

• For nB = number of nuclei B per unit volume,

<latexit sha1_base64="mcYqgnap4SFR7cyxJ0opAbsrR7M=">AAACFHicbVDLSsNAFJ3UV62vqEs3g0UQhJKIr41Q68ZlBfuAJoTJdNIOnUzCzKRQQj7Cjb/ixoUibl2482+ctFlo64ELh3Punbn3+DGjUlnWt1FaWl5ZXSuvVzY2t7Z3zN29towSgUkLRywSXR9JwignLUUVI91YEBT6jHT80W3ud8ZESBrxBzWJiRuiAacBxUhpyTNPHJ546U0jg9fQCQTC6ThLHaYf6KNc414DOpIOQgTHnlm1atYUcJHYBamCAk3P/HL6EU5CwhVmSMqebcXKTZFQFDOSVZxEkhjhERqQnqYchUS66fSoDB5ppQ+DSOjiCk7V3xMpCqWchL7uDJEaynkvF//zeokKrtyU8jhRhOPZR0HCoIpgnhDsU0GwYhNNEBZU7wrxEOlolM6xokOw509eJO3Tmn1RO78/q9YbRRxlcAAOwTGwwSWogzvQBC2AwSN4Bq/gzXgyXox342PWWjKKmX3wB8bnD1oUncM=</latexit>

⌫AB =
v

�
= nB�v

<latexit sha1_base64="QYAuYqXd+uZWVYHIfRZqbA188SE=">AAACK3icbVDLSgMxFM34rPVVdekmWARXZUZ8bYRSNy6r2Ad0hnInzbShmcyQZJQy9H/c+CsudOEDt/6HaTtgbT0QOJxzDzf3+DFnStv2h7WwuLS8sppby69vbG5tF3Z26ypKJKE1EvFINn1QlDNBa5ppTpuxpBD6nDb8/tXIb9xTqVgk7vQgpl4IXcECRkAbqV2oiHYFu4p1Q8AuN7kO4EvsYPeWdXsapIwepnQ3kEBSZ5j+pob5dqFol+wx8DxxMlJEGartwovbiUgSUqEJB6Vajh1rLwWpGeF0mHcTRWMgfejSlqECQqq8dHzrEB8apYODSJonNB6r04kUQqUGoW8mQ9A9NeuNxP+8VqKDCy9lIk40FWSyKEg41hEeFYc7TFKi+cAQIJKZv2LSA9OHNvWOSnBmT54n9eOSc1Y6vTkplitZHTm0jw7QEXLQOSqja1RFNUTQI3pGb+jderJerU/razK6YGWZPfQH1vcPtP6mLg==</latexit>

nB�� = 1 ) � =
1

nB�

<latexit sha1_base64="tRZHoz1iLPkvQVMbzsWEPQAgVwg=">AAAB+XicbVDLSgNBEOz1GeNr1aOXwSB4CrvB10UIevEYwTwgu4bZySQZMjO7zMwGwpI/8eJBEa/+iTf/xkmyB00saCiquunuihLOtPG8b2dldW19Y7OwVdze2d3bdw8OGzpOFaF1EvNYtSKsKWeS1g0znLYSRbGIOG1Gw7up3xxRpVksH804oaHAfcl6jGBjpY7rBpr1BUY3KEgYip4qHbfklb0Z0DLxc1KCHLWO+xV0Y5IKKg3hWOu27yUmzLAyjHA6KQappgkmQ9ynbUslFlSH2ezyCTq1Shf1YmVLGjRTf09kWGg9FpHtFNgM9KI3Ff/z2qnpXYcZk0lqqCTzRb2UIxOjaQyoyxQlho8twUQxeysiA6wwMTasog3BX3x5mTQqZf+yfPFwXqre5nEU4BhO4Ax8uIIq3EMN6kBgBM/wCm9O5rw4787HvHXFyWeO4A+czx/eK5KG</latexit>

� = ⇡b2

<latexit sha1_base64="t3P7Bo1K+RmSOF3TbywBl80y8Tw=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNryPqxSMk8khgQ2aHBkZmZzczsyZkwxd48aAxXv0kb/6NA+xBwUo6qVR1p7sriAXXxnW/ndzK6tr6Rn6zsLW9s7tX3D9o6ChRDOssEpFqBVSj4BLrhhuBrVghDQOBzWB0N/WbT6g0j+SDGcfoh3QgeZ8zaqxUu+kWS27ZnYEsEy8jJchQ7Ra/Or2IJSFKwwTVuu25sfFTqgxnAieFTqIxpmxEB9i2VNIQtZ/ODp2QE6v0SD9StqQhM/X3REpDrcdhYDtDaoZ60ZuK/3ntxPSv/ZTLODEo2XxRPxHERGT6NelxhcyIsSWUKW5vJWxIFWXGZlOwIXiLLy+TxlnZuyxf1M5LldssjjwcwTGcggdXUIF7qEIdGCA8wyu8OY/Oi/PufMxbc042cwh/4Hz+AJYdjM8=</latexit>

A
<latexit sha1_base64="27aF9gcNyV8Ah3PdmkHdxk/9Dsc=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNryPBi0dI5JHAhswOvTAyO7uZmTUhhC/w4kFjvPpJ3vwbB9iDgpV0UqnqTndXkAiujet+O7m19Y3Nrfx2YWd3b/+geHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hobua3nlBpHssHM07Qj+hA8pAzaqxUr/aKJbfszkFWiZeREmSo9Ypf3X7M0gilYYJq3fHcxPgTqgxnAqeFbqoxoWxEB9ixVNIItT+ZHzolZ1bpkzBWtqQhc/X3xIRGWo+jwHZG1Az1sjcT//M6qQlv/QmXSWpQssWiMBXExGT2NelzhcyIsSWUKW5vJWxIFWXGZlOwIXjLL6+S5kXZuy5f1S9LlWoWRx5O4BTOwYMbqMA91KABDBCe4RXenEfnxXl3PhatOSebOYY/cD5/AJehjNA=</latexit>

B
Collision



• Nuclei have a “size” = cross section σ

• b = range of interaction

• Mean free path l: length that nucleus A travels without colliding with nucleus B

• Frequency of collisions of A with B:
• v = relative velocity between A and B

Fusion (and other) collisions
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<latexit sha1_base64="0MxkovDkSX/Rb2rT3zRaCcTywi0=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY9FLx6r2FpoQ9lsN+3SzSbsToQS+g+8eFDEq//Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNnGqGW+xWMa6E1DDpVC8hQIl7ySa0yiQ/DEY38z8xyeujYjVA04S7kd0qEQoGEUr3deCfrniVt05yCrxclKBHM1++as3iFkacYVMUmO6npugn1GNgkk+LfVSwxPKxnTIu5YqGnHjZ/NLp+TMKgMSxtqWQjJXf09kNDJmEgW2M6I4MsveTPzP66YYXvmZUEmKXLHFojCVBGMye5sMhOYM5cQSyrSwtxI2opoytOGUbAje8surpF2rehfV+l290rjO4yjCCZzCOXhwCQ24hSa0gEEIz/AKb87YeXHenY9Fa8HJZ47hD5zPHzi8jSs=</latexit>

2b

• Only one particle in the volume σl

• For nB = number of nuclei B per unit volume,

<latexit sha1_base64="mcYqgnap4SFR7cyxJ0opAbsrR7M=">AAACFHicbVDLSsNAFJ3UV62vqEs3g0UQhJKIr41Q68ZlBfuAJoTJdNIOnUzCzKRQQj7Cjb/ixoUibl2482+ctFlo64ELh3Punbn3+DGjUlnWt1FaWl5ZXSuvVzY2t7Z3zN29towSgUkLRywSXR9JwignLUUVI91YEBT6jHT80W3ud8ZESBrxBzWJiRuiAacBxUhpyTNPHJ546U0jg9fQCQTC6ThLHaYf6KNc414DOpIOQgTHnlm1atYUcJHYBamCAk3P/HL6EU5CwhVmSMqebcXKTZFQFDOSVZxEkhjhERqQnqYchUS66fSoDB5ppQ+DSOjiCk7V3xMpCqWchL7uDJEaynkvF//zeokKrtyU8jhRhOPZR0HCoIpgnhDsU0GwYhNNEBZU7wrxEOlolM6xokOw509eJO3Tmn1RO78/q9YbRRxlcAAOwTGwwSWogzvQBC2AwSN4Bq/gzXgyXox342PWWjKKmX3wB8bnD1oUncM=</latexit>

⌫AB =
v

�
= nB�v

<latexit sha1_base64="QYAuYqXd+uZWVYHIfRZqbA188SE=">AAACK3icbVDLSgMxFM34rPVVdekmWARXZUZ8bYRSNy6r2Ad0hnInzbShmcyQZJQy9H/c+CsudOEDt/6HaTtgbT0QOJxzDzf3+DFnStv2h7WwuLS8sppby69vbG5tF3Z26ypKJKE1EvFINn1QlDNBa5ppTpuxpBD6nDb8/tXIb9xTqVgk7vQgpl4IXcECRkAbqV2oiHYFu4p1Q8AuN7kO4EvsYPeWdXsapIwepnQ3kEBSZ5j+pob5dqFol+wx8DxxMlJEGartwovbiUgSUqEJB6Vajh1rLwWpGeF0mHcTRWMgfejSlqECQqq8dHzrEB8apYODSJonNB6r04kUQqUGoW8mQ9A9NeuNxP+8VqKDCy9lIk40FWSyKEg41hEeFYc7TFKi+cAQIJKZv2LSA9OHNvWOSnBmT54n9eOSc1Y6vTkplitZHTm0jw7QEXLQOSqja1RFNUTQI3pGb+jderJerU/razK6YGWZPfQH1vcPtP6mLg==</latexit>

nB�� = 1 ) � =
1

nB�

<latexit sha1_base64="tRZHoz1iLPkvQVMbzsWEPQAgVwg=">AAAB+XicbVDLSgNBEOz1GeNr1aOXwSB4CrvB10UIevEYwTwgu4bZySQZMjO7zMwGwpI/8eJBEa/+iTf/xkmyB00saCiquunuihLOtPG8b2dldW19Y7OwVdze2d3bdw8OGzpOFaF1EvNYtSKsKWeS1g0znLYSRbGIOG1Gw7up3xxRpVksH804oaHAfcl6jGBjpY7rBpr1BUY3KEgYip4qHbfklb0Z0DLxc1KCHLWO+xV0Y5IKKg3hWOu27yUmzLAyjHA6KQappgkmQ9ynbUslFlSH2ezyCTq1Shf1YmVLGjRTf09kWGg9FpHtFNgM9KI3Ff/z2qnpXYcZk0lqqCTzRb2UIxOjaQyoyxQlho8twUQxeysiA6wwMTasog3BX3x5mTQqZf+yfPFwXqre5nEU4BhO4Ax8uIIq3EMN6kBgBM/wCm9O5rw4787HvHXFyWeO4A+czx/eK5KG</latexit>

� = ⇡b2

<latexit sha1_base64="t3P7Bo1K+RmSOF3TbywBl80y8Tw=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNryPqxSMk8khgQ2aHBkZmZzczsyZkwxd48aAxXv0kb/6NA+xBwUo6qVR1p7sriAXXxnW/ndzK6tr6Rn6zsLW9s7tX3D9o6ChRDOssEpFqBVSj4BLrhhuBrVghDQOBzWB0N/WbT6g0j+SDGcfoh3QgeZ8zaqxUu+kWS27ZnYEsEy8jJchQ7Ra/Or2IJSFKwwTVuu25sfFTqgxnAieFTqIxpmxEB9i2VNIQtZ/ODp2QE6v0SD9StqQhM/X3REpDrcdhYDtDaoZ60ZuK/3ntxPSv/ZTLODEo2XxRPxHERGT6NelxhcyIsSWUKW5vJWxIFWXGZlOwIXiLLy+TxlnZuyxf1M5LldssjjwcwTGcggdXUIF7qEIdGCA8wyu8OY/Oi/PufMxbc042cwh/4Hz+AJYdjM8=</latexit>

A



• Nuclei have a “size” = cross section σ

• b = range of interaction

• Mean free path l: length that nucleus A travels without colliding with nucleus B

• Frequency of collisions of A with B:
• v = relative velocity between A and B

Fusion (and other) collisions
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<latexit sha1_base64="0MxkovDkSX/Rb2rT3zRaCcTywi0=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY9FLx6r2FpoQ9lsN+3SzSbsToQS+g+8eFDEq//Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNnGqGW+xWMa6E1DDpVC8hQIl7ySa0yiQ/DEY38z8xyeujYjVA04S7kd0qEQoGEUr3deCfrniVt05yCrxclKBHM1++as3iFkacYVMUmO6npugn1GNgkk+LfVSwxPKxnTIu5YqGnHjZ/NLp+TMKgMSxtqWQjJXf09kNDJmEgW2M6I4MsveTPzP66YYXvmZUEmKXLHFojCVBGMye5sMhOYM5cQSyrSwtxI2opoytOGUbAje8surpF2rehfV+l290rjO4yjCCZzCOXhwCQ24hSa0gEEIz/AKb87YeXHenY9Fa8HJZ47hD5zPHzi8jSs=</latexit>

2b

• Only one particle in the volume σl

• For nB = number of nuclei B per unit volume,
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v
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<latexit sha1_base64="QYAuYqXd+uZWVYHIfRZqbA188SE=">AAACK3icbVDLSgMxFM34rPVVdekmWARXZUZ8bYRSNy6r2Ad0hnInzbShmcyQZJQy9H/c+CsudOEDt/6HaTtgbT0QOJxzDzf3+DFnStv2h7WwuLS8sppby69vbG5tF3Z26ypKJKE1EvFINn1QlDNBa5ppTpuxpBD6nDb8/tXIb9xTqVgk7vQgpl4IXcECRkAbqV2oiHYFu4p1Q8AuN7kO4EvsYPeWdXsapIwepnQ3kEBSZ5j+pob5dqFol+wx8DxxMlJEGartwovbiUgSUqEJB6Vajh1rLwWpGeF0mHcTRWMgfejSlqECQqq8dHzrEB8apYODSJonNB6r04kUQqUGoW8mQ9A9NeuNxP+8VqKDCy9lIk40FWSyKEg41hEeFYc7TFKi+cAQIJKZv2LSA9OHNvWOSnBmT54n9eOSc1Y6vTkplitZHTm0jw7QEXLQOSqja1RFNUTQI3pGb+jderJerU/razK6YGWZPfQH1vcPtP6mLg==</latexit>
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1

nB�

<latexit sha1_base64="tRZHoz1iLPkvQVMbzsWEPQAgVwg=">AAAB+XicbVDLSgNBEOz1GeNr1aOXwSB4CrvB10UIevEYwTwgu4bZySQZMjO7zMwGwpI/8eJBEa/+iTf/xkmyB00saCiquunuihLOtPG8b2dldW19Y7OwVdze2d3bdw8OGzpOFaF1EvNYtSKsKWeS1g0znLYSRbGIOG1Gw7up3xxRpVksH804oaHAfcl6jGBjpY7rBpr1BUY3KEgYip4qHbfklb0Z0DLxc1KCHLWO+xV0Y5IKKg3hWOu27yUmzLAyjHA6KQappgkmQ9ynbUslFlSH2ezyCTq1Shf1YmVLGjRTf09kWGg9FpHtFNgM9KI3Ff/z2qnpXYcZk0lqqCTzRb2UIxOjaQyoyxQlho8twUQxeysiA6wwMTasog3BX3x5mTQqZf+yfPFwXqre5nEU4BhO4Ax8uIIq3EMN6kBgBM/wCm9O5rw4787HvHXFyWeO4A+czx/eK5KG</latexit>
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<latexit sha1_base64="t3P7Bo1K+RmSOF3TbywBl80y8Tw=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNryPqxSMk8khgQ2aHBkZmZzczsyZkwxd48aAxXv0kb/6NA+xBwUo6qVR1p7sriAXXxnW/ndzK6tr6Rn6zsLW9s7tX3D9o6ChRDOssEpFqBVSj4BLrhhuBrVghDQOBzWB0N/WbT6g0j+SDGcfoh3QgeZ8zaqxUu+kWS27ZnYEsEy8jJchQ7Ra/Or2IJSFKwwTVuu25sfFTqgxnAieFTqIxpmxEB9i2VNIQtZ/ODp2QE6v0SD9StqQhM/X3REpDrcdhYDtDaoZ60ZuK/3ntxPSv/ZTLODEo2XxRPxHERGT6NelxhcyIsSWUKW5vJWxIFWXGZlOwIXiLLy+TxlnZuyxf1M5LldssjjwcwTGcggdXUIF7qEIdGCA8wyu8OY/Oi/PufMxbc042cwh/4Hz+AJYdjM8=</latexit>

A



• Nuclei have a “size” = cross section σ

• b = range of interaction

• Mean free path l: length that nucleus A travels without colliding with nucleus B

• Frequency of collisions of A with B:
• v = relative velocity between A and B

Fusion (and other) collisions
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<latexit sha1_base64="0MxkovDkSX/Rb2rT3zRaCcTywi0=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY9FLx6r2FpoQ9lsN+3SzSbsToQS+g+8eFDEq//Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNnGqGW+xWMa6E1DDpVC8hQIl7ySa0yiQ/DEY38z8xyeujYjVA04S7kd0qEQoGEUr3deCfrniVt05yCrxclKBHM1++as3iFkacYVMUmO6npugn1GNgkk+LfVSwxPKxnTIu5YqGnHjZ/NLp+TMKgMSxtqWQjJXf09kNDJmEgW2M6I4MsveTPzP66YYXvmZUEmKXLHFojCVBGMye5sMhOYM5cQSyrSwtxI2opoytOGUbAje8surpF2rehfV+l290rjO4yjCCZzCOXhwCQ24hSa0gEEIz/AKb87YeXHenY9Fa8HJZ47hD5zPHzi8jSs=</latexit>

2b

• Only one particle in the volume σl

• For nB = number of nuclei B per unit volume,
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⌫AB =
v

�
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Typical fusion reactions
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THERMONUCLEAR FUSION26

Natural abundance of isotopes:

hydrogen nD/nH = 1.5 × 10−4

helium nHe3/nHe4 = 1.3 × 10−6

lithium nLi6/nLi7 = 0.08

Mass ratios: me/mD = 2.72 × 10−4 = 1/3670

(me/mD)1/2= 1.65 × 10−2 = 1/60.6
me/mT = 1.82 × 10−4 = 1/5496

(me/mT )1/2= 1.35 × 10−2 = 1/74.1

Absorbed radiation dose is measured in rads: 1 rad = 102 erg g−1. The curie
(abbreviated Ci) is a measure of radioactivity: 1 curie = 3.7×1010 counts sec−1.

Fusion reactions (branching ratios are correct for energies near the cross section
peaks; a negative yield means the reaction is endothermic):27

(1a) D + D −−−−→
50%

T(1.01MeV) + p(3.02MeV)

(1b) −−−−→
50%

He3(0.82MeV) + n(2.45MeV)

(2) D + T −−−−→He4(3.5MeV) + n(14.1MeV)

(3) D + He3−−−−→He4(3.6MeV) + p(14.7MeV)

(4) T + T −−−−→He4 + 2n + 11.3MeV

(5a) He3 + T−−−−→
51%

He4 + p + n + 12.1MeV

(5b) −−−−→
43%

He4(4.8MeV) + D(9.5MeV)

(5c) −−−−→
6%

He5(1.89MeV) + p(9.46MeV)

(6) p + Li6 −−−−→He4(1.7MeV) + He3(2.3MeV)

(7a) p + Li7 −−−−→
20%

2 He4 + 17.3MeV

(7b) −−−−→
80%

Be7 + n − 1.6MeV

(8) D + Li6 −−−−→2He4 + 22.4MeV

(9) p + B11 −−−−→3 He4 + 8.7MeV

(10) n + Li6 −−−−→He4(2.1MeV) + T(2.7MeV)

The total cross section in barns (1 barn = 10−24 cm2) as a function of E, the
energy in keV of the incident particle [the first ion on the left side of Eqs.
(1)–(5)], assuming the target ion at rest, can be fitted by28a

σT (E) =
A5 +

[
(A4 − A3E)2 + 1

]−1
A2

E
[
exp(A1E−1/2) − 1

]
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T = temperature = 2/3 of average particle energy (104 K = 1 keV)
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Deuterium + tritium is the best 
option, but tritium decays…



Deuterium-Tritium (D-T) fusion
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Enough lithium in sea to supply 30 million years of world energy needs

Plasma at 200 million K

Blanket at ~ 900 K



We need plasmas for fusion 

• Maximum reaction rate at T ~ tens of keV = hundreds of million K

• Potential energy keeping nucleus and electron of hydrogen together = 12 eV << T 
Þ in a fusion device positive nuclei and electrons are separated!

• Plasma: ionized gas composed of charge nuclei and electrons that satisfies local 
neutrality 
• Ionized gases of sufficient density and temperature are locally neutral: any charge 

immersed in the plasma will be rapidly neutralized by a large number of fast charged 
particles
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Nuclear fusion reactions for energy

• Break-even: energy of He + neutron balances lost power
• Number of reactions per time and per unit volume: nD nDT = nD nT áσvñ = nT nTD

• Optimal: nD = nT = n/2, with n = total number of nuclei per unit volume
• Radiated power: produced by collisions between charged particles µ (# particles)2

• Other lost power: measured by figure of merit tE = energy confinement time

14SULI course 2023
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Lawson’s criterion

• Break-even

• Ignition: energy of He balances 
energy losses, instead of energy 
of He + neutron
• Neutrons are not charged and are 

not easily confined
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Wurzel & Hsu, Phys. Plasmas 2022
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Conditions for fusion

• Temperature: T = 15 keV = 150 million K
• 10 times the temperature at the center of the sun!
• Hottest place in solar system: JET, Oxfordshire, UK

• Density and energy confinement time: n τE = 1021 particles s/m3

• Magnetic confinement fusion
– Density: n = 1020 particles/m3

– A millionth of the atmospheric density
– Energy confinement time: τE = 10 s

• Inertial confinement fusion
– Density: n = 1031 particles/m3

– Denser than lead!

– Energy confinement time: τE = 10-10 s
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What is magnetic confinement fusion energy?
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2D motion in a magnetic field

• We can use the fact that particles are charged to confine them
• Consider motion of charged particle perpendicular to a straight magnetic field

• Circular motion: gyromotion or Larmor motion
• Perpendicular force balance: magnetic force = centripetal acceleration

• Gyroradius or Larmor radius

• Gyrofrequency or cyclotron frequency
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3D motion in a straight magnetic field
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• No force parallel to magnetic field                                            
⇒ constant parallel velocity v||

• Gyration + constant parallel velocity = helical motion

• Particle is confined in direction perpendicular to magnetic field 
but moves freely along magnetic field

• Magnetic confinement
• Make gyroradius r small compared to machine by increasing B
• Ensure magnetic field lines close on themselves



Tokamaks and stellarators

• You will learn that the best way to keep magnetic field lines from touching any 
walls and confine the plasma is to ensure that these lines trace surfaces
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Tokamak (Russian acronym for ”toroidal 
chamber with magnetic coils”) 
• Symmetric surfaces 

Stellarator
• Asymmetric surfaces 



What is inertial confinement fusion energy?
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Inertial confinement fusion

• Abandon the idea of a steady state burn and instead go with a series of explosions
• This is how a car engine works: compress, explode the fuel, use the energy of the 

explosion and repeat

• Lasers and ablation are used to produce the compression

• Energy confinement time = time of the implosion
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[McCracken & Stott, 
Fusion, Elsevier, 2013]



The National Ignition Fusion Facility

• NIF is an Inertial Confinement 
Fusion facility at Lawrence 
Livermore National Laboratory

• World’s most energetic laser 
(192 beams) delivers 500 TW of 
power for a few nanoseconds

• It recently made history (more on 
this later)
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Inertial confinement fusion 

Inertial confinement fusion uses high-power 

lasers or electrical discharges to compress a 

small capsule of fusion fuel to extreme 

temperatures and pressures for a short 

time. Using high-power lasers NIF has 

reported a QScientific of 1.5, but inertial 

confinement needs to advance significantly 

before it could be an energy source. For 

example, it will need to dramatically 

26
National Academies of Sciences, Engineering, and

Medicine, An Assessment of the Prospects for Inertial Fusion 
Energy (Washington, D.C.: The National Academies Press, 

2013). 

increase how often it compresses fuel 

targets. A 2013 National Academies report 

said that an inertial confinement power 

plant would need to compress about 10 

targets every second.26 According to 

laboratory representatives, NIF was 

designed to conduct single experiments for 

the Stockpile Stewardship Program, and it 

compresses about 20 deuterium-tritium 



There are other approaches to fusion, but there is 
no time to be exhaustive!
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A bit of history
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100 years of fusion. August 24th 1920 The British Association

• Arthur Stanley Eddington -- delivered the presidential address:
“The Internal Constitution of Stars”

• One of the many questions he addressed is:
Where does the energy radiated by the stars/sun come from?

• F. W. Aston had recently measured the masses of elements and 
shown: Mhydrogen = 1.008 and Mhelium= 4.0

• Eddington proposed that the sun is transforming hydrogen into helium 
– thereby liberating “fusion energy”. It is.  He went on to estimate the 
sun’s lifetime – surprisingly accurately (15 Billion years). 
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“This reservoir can scarcely be other than the sub-atomic 
energy which, it is known, exists abundantly in all matter; 
we sometimes dream that man (!) will one day learn how 
to release it and use it for his service. The store is well-nigh 
inexhaustible, if only it could be tapped”. 

Arthur Stanley Eddington 1920.



70 years ago: Argentina starts the fusion race

• March 24th 1951: Argentina claims (incorrectly) that 
scientist Ronald Richter has achieved fusion energy

• July 23rd 1951: Lyman Spitzer proposes (in secret) 
Project Matterhorn S to develop fusion energy for 
power production 

• Princeton Plasma Physics Laboratory is born – but not 
named PPPL 
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Lyman Spitzer 1948

Ronald
Richter

Juan 
Domingo
Perón



The pursue of the fusion dream kicks off

• Early attempts to produce fusion energy 
where disappointing

• The USSR develops the tokamak concept
• In 1965 and 1968, soviet scientists publish 

exceptional results that are met with 
skepticism from the US and the UK
• Certain quantities were derived, not measured

• In 1969, the “Culham five”, a UK team, 
confirms the reported results
• Thomson scattering used to get temperature

• Tokamaks are built around the world and 
fusion performance improves fast
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Nucl. Fusion 50 (2010) 014002 K. Ikeda

Figure 1. Since the mid 1970s, following ‘Moore’s law’, the number of transistors in a microprocessor has doubled every two years. In the
same period, the ‘triple product’ of density, temperature and confinement time, which measures the performance of a fusion plasma, has
doubled every 1.8 years.

Figure 2. Overview of the development of tokamaks during the past 50 years in terms of their size, poloidal shape, power and particle
exhaust concept, magnet technology and mode of plasma operation.

collaboration [2]. Using Thomson scattering to measure
the electron temperature, the group reported observations of
electron temperatures approaching 1 keV. Many of the world’s
leading fusion research laboratories turned their attention
to tokamaks as a result, and the gradual increase in size
and additional heating led to gradually improving plasma
parameters, exemplified by the achievement in neutral beam
heated discharges of ion temperatures of 7 keV in the PLT
tokamak in Princeton in 1978 [3].

While tokamaks with predominantly circular cross-
sections were making the headlines experimentally during the
1970s, two new generations of devices were not only on the
drawing board, but were under construction. The first gener-
ation was not much different in size from the largest of the
1970s devices, but had an increased level of sophistication,

including features such as a poloidal divertor. Soon after one
of the first of these devices, the ASDEX tokamak in Garching,
commenced operation, one of the most fundamental discover-
ies in fusion research was announced: operating in a ‘diverted’
configuration with neutral beam injection heating, the ASDEX
group reported [4] in 1982 that an unexpected transition in the
plasma confinement properties had occurred, approximately
doubling the plasma energy confinement time. In the course of
the 1980s, much tokamak research time was devoted to exploit-
ing and understanding this new ‘H-mode’ operating regime.

The second generation of new devices consisted of
the group of large tokamaks, TFTR in Princeton, JET in
Culham, JT-60U in Naka and T-15 in Moscow. It was this
generation of devices that led the way towards the brink
of DT fusion power production in the 1980s, a promise

2

[Ikeda NF 2010] 



The roaring 1990s

• The first two tokamaks that use nuclear 
fusion fuel (deuterium and tritium) are 
built
• Tritium is not trivial to handle and requires 

special facilities

• In 1994, TFTR produced fusion energy 
that was 30% of the energy injected into it

• In 1997, JET produced fusion energy that 
was 67% of the energy injected into it

• TFTR was decommissioned in 1997, and 
JET is still operational
• More on JET later
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Fusion Falls Short in the 1990s 18

• Two large tokamaks were built in the 1980s 
to demonstrate Qscientific > 1 (unofficially)

• Unlike previous tokamaks, these used tritium 
in the fuel mixture to maximize fusion 
reactions

• Both failed to demonstrate Q > 1
• TFTR achieved Q=0.3 in 1994
• JET achieved Q=0.67 in 1997

• TFTR was decommissioned in 1997.  JET 
remained operational, but did not run with 
tritium again until 2020

NM Ferraro - Fusion Energy: Progress and Prospects

Joint European 
Torus (JET), 
England

Tokamak 
Fusion Test 
Reactor 
(TFTR), PPPL

May 16, 2023

Tokamak 
Fusion Test 
Reactor 
(TFTR), PPPL

Joint European 
Torus (JET), 
Culham, UK



Stellarators start to catch up

• Stellarators, despite some obvious advantages over 
tokamaks, did not have comparable performance

• In 3D magnetic fields, there always exists a 
population of particles that will be unconfined

• A triumph of plasma theory: the position and 
strength of the magnets can be optimized to 
minimize this population of particles

• Wendelstein 7-X (Germany) is designed to reduce 
the losses due to these unconfined particles

• In 2015, Wendelstein 7-X starts operation
• In 2021, it is concluded that the optimization 

worked! [Beidler et al, Nature 2021]
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New Science Leads to New Concepts 23

• Progress in theoretical understanding of plasma 
confinement and computational modeling 
enables “optimized” stellarators

• We can now design stellarators with tokamak-like 
confinement!

• Unlike tokamaks, stellarators are inherently stable
and steady-state

• Germany has constructed a large stellarator to 
test these principles, Wendelstein 7-X (W7-X)

NM Ferraro - Fusion Energy: Progress and Prospects May 16, 2023



Record fusion power at JET

• In 2020, JET run with deuterium and tritium 
again

• The machine had to operate differently because 
of the new wall material: tungsten

• In 2021, JET announced that they had 
produced 59 MJ of fusion power in one shot, 
more than doubling their 1997 record of 22 MJ
• 59 MJ = 16 kWh (an average US household used 

29 kWh/day)
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Record Fusion Power at JET 26

• In 2020, JET made another attempt at 
operation with tritium

• Changes to the facility to more closely 
resemble power plant conditions made 
high-performance operation more 
challenging than it was in the ’90s

• However, scientific understanding advanced 
dramatically since the ‘90s

NM Ferraro - Fusion Energy: Progress and Prospects May 16, 2023

• Net result: in 2021, JET announced producing 59 MJ of fusion power in one 
shot, more than doubling the previous record of 22 MJ from 1997
• 59 MJ = 16 kWh (Average US household uses 29 kWh / day)



Breakthrough at NIF

• In 2022, the Department of Energy 
announced that NIF had achieved 
the first controlled fusion reaction 
that had produced more energy that 
had been injected into it

• 2.05 MJ of laser energy hit the 
target and 3.15 MJ of fusion energy 
was released, so the fusion energy 
was 54% more than the injected 
energy

• This is a great scientific 
achievement, but we still have more 
work to do!
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consumes, demonstrating a QEngineering

greater than 1. This means that fusion 
energy machines will require QScientific to be 
much greater than 1. For example, ITER is 
planning for a QScientific greater than 10. 
Figure 7 shows how QEngnieering needs to 
improve significantly for inertial 
confinement fusion. Chapters 3 and 4 detail 
the challenges that need to be overcome to 
make fusion a competitive energy source. 

2.4 Researchers and companies are 
pursuing many different concepts 
for fusion energy 

There are many different proposed 
concepts to achieve fusion energy. Most 
either use magnetic fields to control the 
plasma– magnetic confinement– or use 

lasers or electrical discharges to compress 
the plasma – inertial confinement. Some 
approaches combine techniques. The two 
concepts that have set significant records 
for fusion energy are inertial confinement 
and tokamaks, a magnetic confinement 
approach. Other concepts are less advanced 
but are improving and have unique 
advantages. Below, we highlight a selection 
of concepts researchers and companies are 
pursuing.
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• 2.05 MJ of laser energy hit the target, and 3.15 MJ of fusion energy was
released, so Qscientific = 1.54.  

• This is the first controlled fusion reaction to have Q > 1!
NM Ferraro - Fusion Energy: Progress and Prospects

• In December 2022, 
DOE announced 
that NIF had 
achieved positive 
energy gain

May 16, 2023



Exciting times
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ITER

• ITER is a large tokamak designed to deliver fusion 
energy that is ten times the injected energy
• ITER is an experiment, not a power plant

• It is an international project between the EU, 
China, India, Japan, Korea, Russia and the US

• The EU funds ~50%, and the rest is shared equally 
by the other partners

• Startup date is uncertain, but it is sure that ITER 
will not run with deuterium and tritium at least until 
2035
• Construction is 70% complete
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ITER is the World’s Next Step in Fusion Experiments 33

• Construction is ~70% complete

• Startup date is still uncertain, but likely to be 2027—2030.  Will not run with 
tritium until after 2035.

• ITER is an experiment, not a power plant – has no power conversion facilities

• ITER is presently the only power-plant scale facility beyond a conceptual design

NM Ferraro - Fusion Energy: Progress and Prospects May 16, 2023

[Ciattaglia 
et al, 
EEEIC 
2017] 



What happens after ITER
• The EU’s fusion program (EUROfusion) 

considers ITER to be a step towards a 
demonstration reactor (EU-DEMO)

• EU-DEMO is similar to ITER but bigger 
because it takes a conservative 
approach, designing around the most 
proven technology and physics

• Other countries (Korea, Japan, China) 
are taking a similar approach

• The US is going a different way
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[Ciattaglia et al, EEEIC 2017] 



US Decadal Strategy to Accelerate Fusion to 
Commercialization 

• “The DOE will launch an agency-wide initiative, 
coordinating across program offices, to develop a decadal 
strategy to accelerate the viability of commercial fusion 
energy in partnership with the private sector. The 2021 
National Academies of Sciences, Engineering, and 
Medicine (NASEM) report ’Bringing Fusion to the U.S. 
Grid’ serves as a guiding document for the new initiative.”  
White House March 2022

• Bringing Fusion to the U.S. Grid: “the Department of 
Energy and the private sector should produce net 
electricity in a fusion plant in the United States in the 2035-
2040 timeframe.” 

37
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The private fusion industry is growing rapidly
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Fusion Industry Association Report 2022



Private investment is now integral to the program

• Previously, all fusion research was 
publicly funded – now private 
funding is comparable

• Last week DoE announced the 
awardees of a new milestone-base 
fusion development program
• Companies promise milestones and 

get reimbursed if they meet them
• National laboratories such as PPPL 

are now subcontractors of these 
companies in addition to conducting 
basic research
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[Hsu, JFE 2023]



What do we have to do to deliver fusion?
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Physics to achieve break-even and ignition
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Stability: too much pressure means 
plasma controls magnetic field instead of 
the magnetic field controlling the plasma

Heating: need to inject energy 
into very hot plasma using beams 

and electromagnetic waves 

Confinement: most of the 
energy is lost through 

electromagnetic fluctuations 
known as turbulence



Technology to deliver power to the grid 

• We need to breed tritium through lithium and this 
requires flowing lithium around the fusion power 
plant, in what is known as blankets
• Hydrogen (and hence tritium) can penetrate 

materials easily, lodging in the holes of the lattice: 
we need a careful inventory of tritium

• We need materials that withstand tremendous 
heat fluxes and neutron damage

• Materials will become radioactive with half lives 
of the order of decades: repairs will require 
remote handling (robots!)

• We need strong electromagnets that are resilient 
and maintainable
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To conclude

• Fusion energy is in an exciting stage after decades of development

• There is still much work to do, and it takes all kinds:
• Sophisticated theory
• Massive computation
• Complex experiments
• Creative engineering

• I hope you enjoy this course and the research that you will be doing this summer
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