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• Quick introduction to inventory solver mathematics
• Nuclear data as a graph

• Transitive closure
•  Cycles – testing solvers
•  Show that CRAM, the matrix exponential, and BDF are on the transitive 

closure
• CRAM FISPACT ( and further developments)

• Some key FNS decay heat benchmark results

Outline
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     is a list of the number of nuclides,     is the projectile spectrum,       is the cross sections and     is the decay 
constant

    

<latexit sha1_base64="TDZ5kXVcRihTN/44IH5FtXDuleA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEWo9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOule1b1GvfFwXWvdFnGU4QzO4RI8aEIL7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEXGo5K</latexit>

�
<latexit sha1_base64="oijmQlfsDrm++Gm4TLQocfg+4Dc=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BL54kAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5YMYJ+hEdSB5yRo2V6ve9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpHlR9irlSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD6ojjN0=</latexit>

N <latexit sha1_base64="tdy5cBUx22e49sInllEMc7AaEZY=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWye1eoYNBe6XK37VnwOtkiAnFcjR6Je/egNFUkGlJRwb0w38xIYZ1pYRTqelXmpogskYD2nXUYkFNWE2v3aKzpwyQLHSrqRFc/X3RIaFMRMRuU6B7cgsezPxP6+b2vg6zJhMUkslWSyKU46sQrPX0YBpSiyfOIKJZu5WREZYY2JdQCUXQrD88ippXVSDWrV2f1mp3+RxFOEETuEcAriCOtxBA5pA4BGe4RXePOW9eO/ex6K14OUzx/AH3ucPn/GPLg==</latexit>�
<latexit sha1_base64="2mfovkgD5KTlEg0+C1WKuNHg6EQ=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi1WXRjcsK9gFtKDeTSTt0MgkzE6GEfoQbF4q49Xvc+TdO2yy0emDgcM65zL0nSAXXxnW/nNLa+sbmVnm7srO7t39QPTzq6CRTlLVpIhLVC1AzwSVrG24E66WKYRwI1g0mt3O/+8iU5ol8MNOU+TGOJI84RWOl7kDYaIjDas2tuwuQv8QrSA0KtIbVz0GY0Cxm0lCBWvc9NzV+jspwKtisMsg0S5FOcMT6lkqMmfbzxbozcmaVkESJsk8aslB/TuQYaz2NA5uM0Yz1qjcX//P6mYmu/ZzLNDNM0uVHUSaIScj8dhJyxagRU0uQKm53JXSMCqmxDVVsCd7qyX9J56LuNeqN+8ta86aoowwncArn4MEVNOEOWtAGChN4ghd4dVLn2Xlz3pfRklPMHMMvOB/fQFePiA==</latexit>
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Inventory simulations
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<latexit sha1_base64="10qxR7I1DBCMETl26LVnLY/loNg="></latexit>
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<latexit sha1_base64="DkSF098v9faeOS3mfjP+tV4HpIc=">AAACDnicbVC7SgNBFJ2Nrxhfq5Y2gyEQm7ArEm2EqI2VRDAPSJYwO5lNhsw+mLkrhCVfYOOv2FgoYmtt5984myyoiQcGDufce+fe40aCK7CsLyO3tLyyupZfL2xsbm3vmLt7TRXGkrIGDUUo2y5RTPCANYCDYO1IMuK7grXc0VXqt+6ZVDwM7mAcMccng4B7nBLQUs8sdfshJF2fwND1kpvJpAxH+Bxf4B9JKz2zaFWsKfAisTNSRBnqPfNTz6WxzwKggijVsa0InIRI4FSwSaEbKxYROiID1tE0ID5TTjI9Z4JLWuljL5T6BYCn6u+OhPhKjX1XV6ZLqnkvFf/zOjF4Z07CgygGFtDZR14sMIQ4zQb3uWQUxFgTQiXXu2I6JJJQ0AkWdAj2/MmLpHlcsauV6u1JsXaZxZFHB+gQlZGNTlENXaM6aiCKHtATekGvxqPxbLwZ77PSnJH17KM/MD6+AdJNm1M=</latexit>

Ṅ(t) = AN(t)
Solution:

<latexit sha1_base64="K19EjGzZ0CXCLkLBTYy6BL+wFNA=">AAAB/HicbVDLSgMxFM34rPU12qWbYBHaTZkRqW4KVTeupIJ9QDuWTJppQzMPkjvCMNRfceNCEbd+iDv/xrSdhbYeuHByzr3k3uNGgiuwrG9jZXVtfWMzt5Xf3tnd2zcPDlsqjCVlTRqKUHZcopjgAWsCB8E6kWTEdwVru+Prqd9+ZFLxMLiHJGKOT4YB9zgloKW+WbgtQRnXMHtIL2GiHzWr3DeLVsWaAS8TOyNFlKHRN796g5DGPguACqJU17YicFIigVPBJvlerFhE6JgMWVfTgPhMOels+Qk+0coAe6HUFQCeqb8nUuIrlfiu7vQJjNSiNxX/87oxeBdOyoMoBhbQ+UdeLDCEeJoEHnDJKIhEE0Il17tiOiKSUNB55XUI9uLJy6R1WrGrlerdWbF+lcWRQ0foGJWQjc5RHd2gBmoiihL0jF7Rm/FkvBjvxse8dcXIZgroD4zPH8zDkvQ=</latexit>

N(t) = eAtN(t = 0)
Where:

Tungsten example

<latexit sha1_base64="OIndwpTUXLxQtbazYihoIFzbNvA=">AAACJXicbVDLSgMxFM34tr5GXbqJFkEpDDOtqAuFVje6U7BV6ItMmmlDMw+SO0IZ5mfc+CtuXFhEcOWvmNYBtXogcDjnXG7ucSPBFdj2uzE1PTM7N7+wmFtaXlldM9c3aiqMJWVVGopQ3rlEMcEDVgUOgt1FkhHfFezW7Z+P/Nt7JhUPgxsYRKzpk27APU4JaKltnrBWUoEUn+JLXMAVwIWGJwlNnDQpbqd7FdhvFb+lUiaVdNayrLaZty17DPyXOBnJowxXbXPY6IQ09lkAVBCl6o4dQTMhEjgVLM01YsUiQvuky+qaBsRnqpmMr0zxrlY62AulfgHgsfpzIiG+UgPf1UmfQE9NeiPxP68eg3fcTHgQxcAC+rXIiwWGEI8qwx0uGQUx0IRQyfVfMe0RXQnoYnO6BGfy5L+kVrScQ+vw+iBfPsvqWEBbaAftIQcdoTK6QFeoiih6QE/oBQ2NR+PZeDXevqJTRjaziX7B+PgEVPyg1Q==</latexit>
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Chebyshev rational approximation 
method (CRAM)

Where:

Assumes that all the eigenvalues of A are (near 
to)/(along) the negative axis.
Error bounded by 
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How do we approximate 
<latexit sha1_base64="Kl8kymw/YtP9BWdXuW3xhnN8OpM=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9RLx4jmAcka5idzCZjZneWmV4hLPkHLx4U8er/ePNvnDwOmljQUFR1090VJFIYdN1vJ7eyura+kd8sbG3v7O4V9w8aRqWa8TpTUulWQA2XIuZ1FCh5K9GcRoHkzWB4M/GbT1wboeJ7HCXcj2g/FqFgFK3U4A/ZFY67xZJbdqcgy8SbkxLMUesWvzo9xdKIx8gkNabtuQn6GdUomOTjQic1PKFsSPu8bWlMI278bHrtmJxYpUdCpW3FSKbq74mMRsaMosB2RhQHZtGbiP957RTDSz8TcZIij9lsUZhKgopMXic9oTlDObKEMi3srYQNqKYMbUAFG4K3+PIyaZyVvUq5cndeql7P48jDERzDKXhwAVW4hRrUgcEjPMMrvDnKeXHenY9Za86ZzxzCHzifP6RHjzE=</latexit>

eAt

<latexit sha1_base64="AERE0ZPIBkqjRMGY/9vBKkJtNkI="></latexit>
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<latexit sha1_base64="Y0y6kutp/x3wRfvEh1YdGJAezSA=">AAACB3icbVDLSsNAFL3xWesr6lKQwSLUTUlEqhuh6MZlBfuANoTJdNIOmTycmYglZOfGX3HjQhG3/oI7/8bpY6GtBy73cM69zNzjJZxJZVnfxsLi0vLKamGtuL6xubVt7uw2ZZwKQhsk5rFoe1hSziLaUExx2k4ExaHHacsLrkZ+654KyeLoVg0T6oS4HzGfEay05JoHws2CIEcXqOsLTLLEDcoPx3l2N+muWbIq1hhonthTUoIp6q751e3FJA1ppAjHUnZsK1FOhoVihNO82E0lTTAJcJ92NI1wSKWTje/I0ZFWesiPha5IobH6eyPDoZTD0NOTIVYDOeuNxP+8Tqr8cydjUZIqGpHJQ37KkYrRKBTUY4ISxYeaYCKY/isiA6zzUDq6og7Bnj15njRPKna1Ur05LdUup3EUYB8OoQw2nEENrqEODSDwCM/wCm/Gk/FivBsfk9EFY7qzB39gfP4APeSY7Q==</latexit>

rkk =
pk(x)

qk(x)

<latexit sha1_base64="2om+m90BoWCvpQNg3IIhjXiYfHo="></latexit>

rkk(At) = ↵0 +
kX

j=1

↵i

At� ✓jI
M Pusa thesis: Numerical methods for nuclear fuel 
burnup calculations

Numerical integration

<latexit sha1_base64="4aA4AplsNVgurKzPOMRptmdRgog=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFN66kgn1AZyiZTNqGZpIhyQhl6G+4caGIW3/GnX9jpp2Fth4IHM65l3tywoQzbVz32ymtrW9sbpW3Kzu7e/sH1cOjjpapIrRNJJeqF2JNORO0bZjhtJcoiuOQ0244uc397hNVmknxaKYJDWI8EmzICDZW8v1Q8ijGZpzdzwbVmlt350CrxCtIDQq0BtUvP5IkjakwhGOt+56bmCDDyjDC6azip5ommEzwiPYtFTimOsjmmWfozCoRGkplnzBorv7eyHCs9TQO7WSeTy97ufif10/N8DrImEhSQwVZHBqmHBmJ8gJQxBQlhk8twUQxmxWRMVaYGFtTxZbgLX95lXQu6l6j3ni4rDVvijrKcAKncA4eXEET7qAFbSCQwDO8wpuTOi/Ou/OxGC05xc4x/IHz+QNcapHq</latexit>

N
<latexit sha1_base64="HAMaZ46LcMGvi6ycGteU0lbLr/Q=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqheh6MVjRfsBbSib7aZdutmE3YlQQn+CFw+KePUXefPfuG1z0OqDgcd7M8zMCxIpDLrul1NYWV1b3yhulra2d3b3yvsHLROnmvEmi2WsOwE1XArFmyhQ8k6iOY0CydvB+Gbmtx+5NiJWDzhJuB/RoRKhYBStdI9Xbr9ccavuHOQv8XJSgRyNfvmzN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fzU6fkxCoDEsbalkIyV39OZDQyZhIFtjOiODLL3kz8z+umGF76mVBJilyxxaIwlQRjMvubDITmDOXEEsq0sLcSNqKaMrTplGwI3vLLf0nrrOrVqrW780r9Oo+jCEdwDKfgwQXU4RYa0AQGQ3iCF3h1pPPsvDnvi9aCk88cwi84H9/T7Y2E</latexit>

t = 0
<latexit sha1_base64="VoVc7PUzLpk3wX/8aq2Zs5mRutI=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KolI9VjUg8cK9gPaUDbbTbt0s4m7E6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGN1O/9cS1EbF6wHHC/YgOlAgFo2ildveWS6QEe6WyW3FnIMvEy0kZctR7pa9uP2ZpxBUySY3peG6CfkY1Cib5pNhNDU8oG9EB71iqaMSNn83unZBTq/RJGGtbCslM/T2R0ciYcRTYzoji0Cx6U/E/r5NieOVnQiUpcsXmi8JUEozJ9HnSF5ozlGNLKNPC3krYkGrK0EZUtCF4iy8vk+Z5xatWqvcX5dp1HkcBjuEEzsCDS6jBHdShAQwkPMMrvDmPzovz7nzMW1ecfOYI/sD5/AGTB4+v</latexit>

�t
<latexit sha1_base64="I11EtzXuxZqvhtSgz6sEZu6AZFE=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0lEqseiHjxWsB/YhrLZTtqlm03YnQgl9F948aCIV/+NN/+N2zYHrT4YeLw3w8y8IJHCoOt+OYWV1bX1jeJmaWt7Z3evvH/QMnGqOTR5LGPdCZgBKRQ0UaCETqKBRYGEdjC+nvntR9BGxOoeJwn4ERsqEQrO0EoPgvZuQCKj2C9X3Ko7B/1LvJxUSI5Gv/zZG8Q8jUAhl8yYrucm6GdMo+ASpqVeaiBhfMyG0LVUsQiMn80vntITqwxoGGtbCulc/TmRsciYSRTYzojhyCx7M/E/r5tieOlnQiUpguKLRWEqKcZ09j4dCA0c5cQSxrWwt1I+YppxtCGVbAje8st/Seus6tWqtbvzSv0qj6NIjsgxOSUeuSB1cksapEk4UeSJvJBXxzjPzpvzvmgtOPnMIfkF5+MbsVGQTA==</latexit>

i�t

<latexit sha1_base64="phKziq1Jw+rA5RABOTmPTBDH+2E=">AAACDnicbVDLSsNAFJ3UV62vqEs3g6UiCCURqW6EohtXUsE+oAlhMp20QyaTMDMRSsgXuPFX3LhQxK1rd/6N0zYLbT1w4XDOvdx7j58wKpVlfRulpeWV1bXyemVjc2t7x9zd68g4FZi0ccxi0fORJIxy0lZUMdJLBEGRz0jXD68nfveBCEljfq/GCXEjNOQ0oBgpLXlm7ciRaeSFEOm69TJ+EubwEo6g4xOFZorMPbNq1a0p4CKxC1IFBVqe+eUMYpxGhCvMkJR920qUmyGhKGYkrzipJAnCIRqSvqYcRUS62fSdHNa0MoBBLHRxBafq74kMRVKOI193RkiN5Lw3Ef/z+qkKLtyM8iRVhOPZoiBlUMVwkg0cUEGwYmNNEBZU3wrxCAmElU6wokOw519eJJ3Tut2oN+7Oqs2rIo4yOACH4BjY4Bw0wQ1ogTbA4BE8g1fwZjwZL8a78TFrLRnFzD74A+PzB7pEmqs=</latexit>X

k

akNn+k = h�Nn+s

Derivatives are approximated by Taylor series

FISPACT-II
Backwards difference formula (BDF)

<latexit sha1_base64="PD+/mJoA8Xfwdms+iUuw8fIsZ+w="></latexit>
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N
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Error bounded by 
<latexit sha1_base64="NlFNTs/5AQ0fFl8IMi+7PxHYJf4=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoMQL2FXJHoM6sGbEcwD8mJ2MkmGzM4uM71KCPkPLx4U8eq/ePNvnCR70MSChqKqm+4uP5LCoOt+O6mV1bX1jfRmZmt7Z3cvu39QNWGsGa+wUIa67lPDpVC8ggIlr0ea08CXvOYPr6d+7ZFrI0L1gKOItwLaV6InGEUrte/yzRsukRIkbXXayebcgjsDWSZeQnKQoNzJfjW7IYsDrpBJakzDcyNsjalGwSSfZJqx4RFlQ9rnDUsVDbhpjWdXT8iJVbqkF2pbCslM/T0xpoExo8C3nQHFgVn0puJ/XiPG3mVrLFQUI1dsvqgXS4IhmUZAukJzhnJkCWVa2FsJG1BNGdqgMjYEb/HlZVI9K3jFQvH+PFe6SuJIwxEcQx48uIAS3EIZKsBAwzO8wpvz5Lw4787HvDXlJDOH8AfO5w/cA5F3</latexit>

O(�t
n)

<latexit sha1_base64="I0IynoyA+F3hKNU4tx1DGpnCWAQ=">AAACMnicbVBNS8MwGE7n15xfVY9egkOYIKMVmV6EoRe9TXAfsJaSZukWl6YlSQej7Dd58ZcIHvSgiFd/hNlW0G2+EPLwfJC8jx8zKpVlvRq5peWV1bX8emFjc2t7x9zda8goEZjUccQi0fKRJIxyUldUMdKKBUGhz0jT71+P9eaACEkjfq+GMXFD1OU0oBgpTXnmrRMIhFNngASJJWWaS/sn/VFJHY9S7j2Mb3gJnRlxmuEeLVm/Ls8sWmVrMnAR2BkogmxqnvnsdCKchIQrzJCUbduKlZsioShmZFRwEklihPuoS9oachQS6aaTlUfwSDMdGERCH67ghP2bSFEo5TD0tTNEqifntTH5n9ZOVHDhppTHiSIcTx8KEgZVBMf9wQ4VBCs21ABhQfVfIe4h3YfSLRd0Cfb8yougcVq2K+XK3VmxepXVkQcH4BCUgA3OQRXcgBqoAwwewQt4Bx/Gk/FmfBpfU2vOyDL7YGaM7x+lWKr4</latexit>

"k,k(t)

nj(t)
= ✏k,k

ni(0)
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Adjacency matrix

Nuclear Data as a graph: decay ⨁ activation
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<latexit sha1_base64="s/UBOJRSpqkMMS0P6M6rGAIRT2I="></latexit>

Aji =

(
1 if Acoe↵

ij > 0 and i 6= j

0 else.

Nuclide graph

<latexit sha1_base64="d+j5npVk29N42QNzxy1j2vGYkZs=">AAAB7HicbVBNS8NAEJ3Ur1q/oh69LBahXkoiRcVT1YMeK5i20Iay2W7apZtN2N0IJfQ3ePGgiFd/kDf/jds2B219MPB4b4aZeUHCmdKO820VVlbX1jeKm6Wt7Z3dPXv/oKniVBLqkZjHsh1gRTkT1NNMc9pOJMVRwGkrGN1O/dYTlYrF4lGPE+pHeCBYyAjWRvLuKtenVz277FSdGdAycXNShhyNnv3V7cckjajQhGOlOq6TaD/DUjPC6aTUTRVNMBnhAe0YKnBElZ/Njp2gE6P0URhLU0Kjmfp7IsORUuMoMJ0R1kO16E3F/7xOqsNLP2MiSTUVZL4oTDnSMZp+jvpMUqL52BBMJDO3IjLEEhNt8imZENzFl5dJ86zqnldrD7Vy/SaPowhHcAwVcOEC6nAPDfCAAINneIU3S1gv1rv1MW8tWPnMIfyB9fkDagyNyA==</latexit>

G(A) :

Neutron irradiation of natural Lithium, this data is built from the 
collapse of Tendl19 with an FNS flux.

<latexit sha1_base64="jj/mZBGmSXXpuJ+pdAFxYw8s1qY="></latexit>

G(A) = (V,E), where

V = {nuclidesi|i = 1..n} and

E = {(i, j) 2 V ⇥ V : aij 6= 0}.

Algebraic representation of the graph G(A).

<latexit sha1_base64="OEh1t8bti4/IpuBu1N+xZCPKo98="></latexit>

Azai =

0

BBBBBB@

1 0 0 0 0 0
1 1 0 0 0 0
0 0 1 1 0 0
0 0 0 1 1 0
0 1 0 0 1 0
0 0 1 0 0 1

1

CCCCCCA
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<latexit sha1_base64="+o51fQVC13uwtAF9k6WGL5+NkXo="></latexit>

A+
m = A+A2 +A3...+Am 2 Rn ⇥ Rn

Transmutation paths

WANDA 20246

Transitive closure:

A matrix detailing if there is a directed path, of up to length 
m, from nuclide i to nuclide j.
• A+m is a function of irradiation

G(A):

G(A+3):

<latexit sha1_base64="OIndwpTUXLxQtbazYihoIFzbNvA=">AAACJXicbVDLSgMxFM34tr5GXbqJFkEpDDOtqAuFVje6U7BV6ItMmmlDMw+SO0IZ5mfc+CtuXFhEcOWvmNYBtXogcDjnXG7ucSPBFdj2uzE1PTM7N7+wmFtaXlldM9c3aiqMJWVVGopQ3rlEMcEDVgUOgt1FkhHfFezW7Z+P/Nt7JhUPgxsYRKzpk27APU4JaKltnrBWUoEUn+JLXMAVwIWGJwlNnDQpbqd7FdhvFb+lUiaVdNayrLaZty17DPyXOBnJowxXbXPY6IQ09lkAVBCl6o4dQTMhEjgVLM01YsUiQvuky+qaBsRnqpmMr0zxrlY62AulfgHgsfpzIiG+UgPf1UmfQE9NeiPxP68eg3fcTHgQxcAC+rXIiwWGEI8qwx0uGQUx0IRQyfVfMe0RXQnoYnO6BGfy5L+kVrScQ+vw+iBfPsvqWEBbaAftIQcdoTK6QFeoiih6QE/oBQ2NR+PZeDXevqJTRjaziX7B+PgEVPyg1Q==</latexit>

eAt = I +At+
1

2!
(At)2 +

1

3!
(At)3 + ...

The graph of the exponential matrix is the transitive closure of A
Exponential matrix:
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The number of closed cycles, of length s, that the directed graph G(A) contains 
can be counted as:

Complex eigenvalues – cycles in the data

WANDA 20247

<latexit sha1_base64="qkEFk916YSzDBUHt9mQDuWNJWzo=">AAACCHicbVDLSsNAFJ34rPUVdenCwSLUTUmkqBuh6sZlhb6giWEynbRDJ5kwMxFLyNKNv+LGhSJu/QR3/o3TNgttPXDhcM693HuPHzMqlWV9GwuLS8srq4W14vrG5ta2ubPbkjwRmDQxZ1x0fCQJoxFpKqoY6cSCoNBnpO0Pr8d++54ISXnUUKOYuCHqRzSgGCkteeYB8yS8gE4gEE7tLJWZE/r8IW2IrHx5J489s2RVrAngPLFzUgI56p755fQ4TkISKcyQlF3bipWbIqEoZiQrOokkMcJD1CddTSMUEummk0cyeKSVHgy40BUpOFF/T6QolHIU+rozRGogZ72x+J/XTVRw7qY0ihNFIjxdFCQMKg7HqcAeFQQrNtIEYUH1rRAPkM5E6eyKOgR79uV50jqp2KeV6m21VLvK4yiAfXAIysAGZ6AGbkAdNAEGj+AZvII348l4Md6Nj2nrgpHP7IE/MD5/ABPFmWQ=</latexit>

ls =
1

s
Tr(As)

This is important because if l3≠0 G(A) must contain at least one directed triangle ∴.
<latexit sha1_base64="RZDcD7EKS08M7Wg9ayCUBniowB8="></latexit>

PAcoe↵sub PT =

0

@
�a 0 c
a �b 0
0 b �c

1

A

Which has one complex eigenvalue if a≈b and c<<1
<latexit sha1_base64="DSI0otAWyL1Ld+oqHs2qh/kKnto=">AAACCHicbVDJSgNBEO1xjXEb9ejBxiAowjAjol4E0YsniWAWSMahp1OJjT0L3TVCGHL04q948aCIVz/Bm39jJ5mD24OCx3tVVNULUyk0uu6nNTE5NT0zW5orzy8sLi3bK6t1nWSKQ40nMlHNkGmQIoYaCpTQTBWwKJTQCG/Phn7jDpQWSXyF/RT8iPVi0RWcoZECe+NiG3foMeWBdxd4cJ2LdhJBj1Ec7FLHcQK74jruCPQv8QpSIQWqgf3R7iQ8iyBGLpnWLc9N0c+ZQsElDMrtTEPK+C3rQcvQmEWg/Xz0yIBuGaVDu4kyFSMdqd8nchZp3Y9C0xkxvNG/vaH4n9fKsHvk5yJOM4SYjxd1M0kxocNUaEco4Cj7hjCuhLmV8humGEeTXdmE4P1++S+p7znegXNwuV85OS3iKJF1skm2iUcOyQk5J1VSI5zck0fyTF6sB+vJerXexq0TVjGzRn7Aev8C8TWXZw==</latexit>

N(t) = c1v1e
i!t + ...

Deviation away from CRAM regions of approximation, 
<latexit sha1_base64="Efl3IcmVKKoHhGUFkHRekzQOF+o=">AAAB83icbVDLSgMxFL3xWeur6tJNsAhuLDMi1WXRjcsq9gGdoWTSTBuayQxJRihDf8ONC0Xc+jPu/Bsz7Sy09UDgcM693JMTJIJr4zjfaGV1bX1js7RV3t7Z3duvHBy2dZwqylo0FrHqBkQzwSVrGW4E6yaKkSgQrBOMb3O/88SU5rF8NJOE+REZSh5ySoyVPC8iZhQE2cO0f96vVJ2aMwNeJm5BqlCg2a98eYOYphGThgqidc91EuNnRBlOBZuWvVSzhNAxGbKepZJETPvZLPMUn1plgMNY2ScNnqm/NzISaT2JAjuZZ9SLXi7+5/VSE177GZdJapik80NhKrCJcV4AHnDFqBETSwhV3GbFdEQUocbWVLYluItfXibti5pbr9XvL6uNm6KOEhzDCZyBC1fQgDtoQgsoJPAMr/CGUvSC3tHHfHQFFTtH8Afo8wfnpZGd</latexit>R�
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CRAM’s graph

WANDA 20248

G(A+3):

<latexit sha1_base64="2om+m90BoWCvpQNg3IIhjXiYfHo="></latexit>

rkk(At) = ↵0 +
kX

j=1

↵i

At� ✓jI

If ∃ a path from p to q in G(A) of length l then:
<latexit sha1_base64="dwV2n6NGuwS7BVZcBvZKYWNKzeE=">AAAB+XicbVBNT8JAEJ3iF+JX1aOXjcQEL6Q1Bj2iXjxiIh8J1Ga7LLBhuy27WxLS8E+8eNAYr/4Tb/4bF+hBwZdM8vLeTGbmBTFnSjvOt5VbW9/Y3MpvF3Z29/YP7MOjhooSSWidRDySrQArypmgdc00p61YUhwGnDaD4d3Mb46pVCwSj3oSUy/EfcF6jGBtJN+2SzfnT9xP49G0I+gIOb5ddMrOHGiVuBkpQoaab391uhFJQio04ViptuvE2kux1IxwOi10EkVjTIa4T9uGChxS5aXzy6fozChd1IukKaHRXP09keJQqUkYmM4Q64Fa9mbif1470b1rL2UiTjQVZLGol3CkIzSLAXWZpETziSGYSGZuRWSAJSbahFUwIbjLL6+SxkXZrZQrD5fF6m0WRx5O4BRK4MIVVOEealAHAmN4hld4s1LrxXq3PhatOSubOYY/sD5/AFrskto=</latexit>

(A)lpq 6= 0
Cayley-Hamilton method

Number

<latexit sha1_base64="txlWYTqcb1TMOTjNfbuJlxk4fEI="></latexit>

A�1 =
1

det(A)

n�1X

s=0

As
X

k1,k2,kn�1

n�1Y

l=1

(�1)kl+1

lklkl!
Tr(Al)kl

<latexit sha1_base64="GyKelyqeUCQFzJQQ6puH57u7jZI=">AAACB3icbVA9SwNBEN2LXzF+nVoKshiEWBjuRKJl1MYygvmAJIa9zSRZsrd32d0TwnGdjX/FxkIRW/+Cnf/GTXKFRh8MPN6bYWaeF3KmtON8WZmFxaXllexqbm19Y3PL3t6pqSCSFKo04IFseEQBZwKqmmkOjVAC8T0OdW94NfHr9yAVC8StHofQ9klfsB6jRBupY++39AAk9AIJuHBxFx+7yVEnDkdJS8AIOx077xSdKfBf4qYkj1JUOvZnqxvQyAehKSdKNV0n1O2YSM0ohyTXihSEhA5JH5qGCuKDasfTPxJ8aJQuNreYEhpP1Z8TMfGVGvue6fSJHqh5byL+5zUj3Ttvx0yEkQZBZ4t6Ecc6wJNQcJdJoJqPDSFUMnMrpgMiCdUmupwJwZ1/+S+pnRTdUrF0c5ovX6ZxZNEeOkAF5KIzVEbXqIKqiKIH9IRe0Kv1aD1bb9b7rDVjpTO76Besj2+usZiQ</latexit>

) (A�1)pq 6= 0

CRAM is on the transitive closure of A

G(A):
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Euler integration (explicit integrator)
 (this is an example and not globally a good approach).

Numerical integration

WANDA 20249

<latexit sha1_base64="6oLaQYISCkn8FB9yC2jg289it6k=">AAACBnicbVDJSgNBEO2JW4zbqEcRGoMQCYQZkehFiMtBLyGCWSAJQ0+nkzTpWeiuEcKQkxd/xYsHRbz6Dd78GzvJHDTxQcHjvSqq6rmh4Aos69tILSwuLa+kVzNr6xubW+b2Tk0FkaSsSgMRyIZLFBPcZ1XgIFgjlIx4rmB1d3A19usPTCoe+PcwDFnbIz2fdzkloCXH3C87MeTtET7HuQvcumYCCAacx7dHZQccM2sVrAnwPLETkkUJKo751eoENPKYD1QQpZq2FUI7JhI4FWyUaUWKhYQOSI81NfWJx1Q7nrwxwoda6eBuIHX5gCfq74mYeEoNPVd3egT6atYbi/95zQi6Z+2Y+2EEzKfTRd1IYAjwOBPc4ZJREENNCJVc34ppn0hCQSeX0SHYsy/Pk9pxwS4Wincn2dJlEkca7aEDlEM2OkUldIMqqIooekTP6BW9GU/Gi/FufExbU0Yys4v+wPj8Ac5hlis=</latexit>

Nt+1 = (A�t+ I)Nt
<latexit sha1_base64="ca9PHHFYtdbKjS3doG/lGxuvepI="></latexit>

N(t = 0) = (7Li = x,6 Li = y, 0, 0, )T

• Switches on the    edges
• Next set of edges get switched on the next iteration

<latexit sha1_base64="85v08d00G8/xJ00f9OUaeK1kWaM="></latexit>

Ns+n = (�tA� asI)
�1

s�1X

k

akNn+k, where s > k

Backwards difference formula (implicit integrator):

Performed on the transitive closure of G(A)
CRAM is also ‘implicit’
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FISPACT-II + CRAM (+development)

WANDA 202410

Nuclear data
FISPACT-II

CRAM
• C++
• Built as a Lib
• LU factorization with 

partial pivots

LSODES
• BDF

Interesting output
• DPA
• Activation
• etc

Irradiation

Sundials (new v6)
• BDF

Reaction rate matrix 
(new v6)

• Direct interface to 
transport code

Inventory (new v6)
• Pass back to 

transport code
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FISPACT CRAM/BDF

WANDA 202411

Comparison of irradiated U, lines are BDF dots are CRAM FISPACT-II performing burnup in OpenMC
for a pin-cell (low statistics, preliminary)
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FNS decay-heat

WANDA 202412

• The Japan Atomic Energy Agency (JAEA) used their Fusion Neutron Source (FNS) to irradiate several 
materials

• 2 mA deuteron bean onto a tritium target producing a fusion neutron flux (14MeV peak) ~10^10 n/cm2/s

• M.R. Gilbert and J.C. Sublet (2018) used the FNS heat results to validate FISPACT-II for 73 materials
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FISPACT CRAM

• Peak at ~2mins, due to the 
brief appearance of B12

• Spike can be removed by 
selection of time step (re-step 
‘nuclide’s)

• Occurrence is likely due to fit
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FISPACT CRAM/BDF Florine

WANDA 202414
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FISPACT CRAM Florine

WANDA 202415

•  2 peaks under 10 mins, due to 
the brief presence of Be12 
(interesting to compare to the 
smooth 2000 experiment which 
has the same initial conditions 
but different cooling steps)
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FISPACT CRAM/BDF Aluminum

WANDA 202416
CRAM improves the heat output past 10 days. However, CRAM includes Mg27 instead for the final 
three cooling times via Al27(n,p)Mg27
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Iron
FISPACT CRAM/BDF

WANDA 202417
• Mn56 decay is different
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Summary

WANDA 202418

• Investigated the matrix exponential, CRAM and BDF from a graphical
• Nuclear data as a graph

• CRAM, matrix exponential, and BDF are on the transitive closure
• CRAM FISPACT-II ( and further developments)

• Noted some deviations between CRAM and BDF
• Small nuclide contribution is not as important for fission as for fusion (waste)

• CRAM (approximations) have problems with the small nuclide 
concentrations which are important for fusion

• CRAM’s current lack of truncation error leads to potentially non-physical 
nuclide concentrations for fusion

• Further investigation
• Other fits of CRAM – lead by FISPACT-II BDF
• Error bounds as a function of time

Thank you very much


