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First'Principles'approaches'for'calculation'of'E6uations'of'State7'from'*deal'to'9eal:'
'
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'
First'principles'electronic'structure'calculations'have'recentlB'reached'a'level'of'
accuracB'and'predictive'poCer'that'alloCs'us'to'compute'E6uations'of'State'DE=SE'
in'a'sBstematic'CaB'Cithout'havinF'to'resort'to'uncontrolled'approGimations:'Since'
these'schemes'are'Hased'in'fundamental'phBsics'and'Cell'defined'approGimations7'
there'are'no'fitted'parameters:'<his'results'in'an'approach'that'has'a'Freat'deal'of'
predictive'poCer'Chich'has'proved'to'He'an'eGtremelB'useful'complement'to'
eGperimental'investiFations7'as'Cell'as'for'eGplorinF'states'of'matter'Chere'
eGperimental'measurements'do'not'Bet'eGist:'
'
<he'desiFn'of'dBnamic'hiFhIpressure'eGperiments're6uires'the'use'of'hBdrodBnamic'
simulations'in'Chich'materials'are'suHJect'to'larFe'pressure'and'temperature'
Fradients7'and'the'resultinF'response'of'the'materials'is'computed'Cith'the'relevant'
fluid'transport'e6uations:'<he'accuracB'of'a'hBdrodBnamic'simulation'depends'
criticallB'on'the'6ualitB'of'the'E=S'taHles'used'as'input:'Another'discipline'that'
makes'intensive'use'of'E=S'is'planetarB'modelinF:'Accurate'phase'diaFrams'for'
simple'molecular'fluids'and'their'constituent'elements'are'important'for'
constructinF'planetarB'models'of'Fiant'planets:'HavinF'inaccurate'E=S'or'phase'
lines'can'severelB'undermine'the'utilitB'of'the'hBdrodBnamic'approach'and'the'
underlBinF'enFineerinF'proJects'and'planetarB'models:'
'
<he'focus'of'this'proposal'is'to'fill'the'eGistinF'Fap'HetCeen'the'recent'and'sustained'
development'of'first'principles'calculations'and'E=S'taHles'efforts:'<he'proposed'
research'Cill'enaHle'the'construction'of'hiFhlB'accurate'E=S'taHles'for'materials'of'
interest7'Chich'in'turn'have'a'direct'impact'on'manB'onFoinF'proJects'that're6uire'
hiFh'6ualitB'hBdrodBnamic'modelinF:'
'
NACOP9=?;D'
'
A'Feneral'approach'that'is'currentlB'HeinF'used'in'the'E=S'taHles'development'is'
Hased'in'the'computation'or'eGperimental'measurement'of'cold'curves7'toFether'
Cith'an'electronIthermal'part'usinF'<homasIFermi'theorB'and'an'ionIthermal'part'
descriHed'HB'the'DeHBeIPruneisen'model:'MeltinF'lines'are'computed'rouFhlB'Hased'
on'Rindemann'meltinF'criterion:'<his'comHination'of'approGimations'can'He'
considered'a'StopIdoCnS'approach7'Hecause'Chile'it'matches'Cell'Cith'the'plasma'
and'hiFh'compression'limits7'the'loC'temperature'side'is'usuallB'descriHed'onlB'
approGimatelB'in'an'ad'hoc'manner:'<his'Feneral'approach'is'verB'efficient'and'can'
cover'elements'in'the'Chole'periodic'taHle:'HoCever7'there'are'some'select'cases'
Chere'a'more'detailed'and'accurate'description'is'needed:'
'
<he'proHlem'arises'Chen'Ce'move'doCn'into'the'realm'of'condensed'matter7'in'
particular'Chen'Ce'need'to'descriHe'solidIsolid'or'solidIli6uid'transitions'in'detail:'



<he'condensed'matter'limit're6uires'a'different'level'of'description:'MB'proposal'
aims'to'complement'the'StopIdoCnS'approach'Cith'a'SHottomIupS'description'
Chich'can'descriHe'E=S'in'the'loC'and'moderate'temperatures'ranFe7'i:e:'near'the'
relevant'solidIsolid'and'solidIli6uid'transitions:'
'
<he'desiFn'of'capsules'for'*nertiallB'Confined'Fusion'D*CFE'durinF'the';ational'
*Fnition'CampaiFn'D;*CE'is'a'clear'eGample'of'an'application'in'need'for'a'Food'
SHottomIupS'description'for'a'specific'set'of'materials:'<he'capsule'desiFn'is'driven'
HB'the'need'of'avoidinF'hBdrodBnamic'instaHilities'upon'the'first'staFes'of'shock'
compression:'<here'are'several'candidate'materials'for'makinF'these'iFnition'
capsules7'amonF'them7'NerBllium'and'HiFh'DensitB'CarHon'DHDCE:'Due'to'the'
specific'properties'of'each'material7'the'current'strateFies'for'avoidinF'
hBdrodBnamic'instaHilities'are'someChat'different:'*n'the'case'of'NerBllium7'it'Cill'
He'necessarB'to'ensure'that'the'first'shock'completelB'melts'the'capsule'materialT'
Chile'in'the'case'of'HDC'the'approach'is'to'produce'a'first'shock'that'can'
siFnificantlB'compress'and'heat'the'material'Cithout'meltinF'it:';ote'that'in'order'to'
achieve'these'desiFn'Foals7'one'must'have'a'precise'knoCledFe'of'the'phase'diaFram'
and'the'E=S'of'the'materials'involved:'
'
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'
MB'proposal'focuses'on'the'implementation'of'an'inteFral'approach'for'elucidatinF'
the'properties'of'materials'and'their'E=S:'*n'particular7'*'propose'to'use'a'
comHination'of'first'principles'calculations'to'Five'an'overall'description'of'the'
condensed'matter'domain7'includinF'solidIsolid'transitions'at'finite'temperature7'
and'meltinF'lines:'
'
A'keB'component'of'the'E=S'is'the'one'correspondinF'to'the'solid'phases:'<he'
proposed'approach'Cill'alloC'the'computation'of'E=S'cold'curves'that'include'full'
ionic'6uantum'effects'DUero'point'enerFBE7'Chich'are'critical7'for'eGample7'Chen'
descriHinF'the'loC'temperature'initial'condition'in'shock'eGperiments:'Previous'
Cork'demonstrated'that'it'is'also'feasiHle'to'eGtract'anharmonic'effects'and'its'
implications'to'the'E=S'from'first'principles'molecular'dBnamics:'
'
MeltinF'lines'can'He'computed'HB'the'tCoIphase'method:'<he'tCoIphase'method'is'
Hased'on'the'direct'simulation'of'the'solidification'and'meltinF'processes'HB'startinF'
from'an'initial'condition'that'has'Hoth'the'solid'and'the'li6uid'in'the'same'
simulation'cell:''NB'folloCinF'the'evolution'of'the'solidIli6uid'interface'at'a'Fiven'
temperature'and'pressure7'one'can'determine'Chich'is'the'most'staHle'phase'under'
such'conditions:'=f'note'is'that'this'scheme'does'not're6uire'the'direct'calculation'of'
the'free'enerFB7'Hut'it'can'He'of'paramount'utilitB'for'calculatinF'it7'as'*'Cill'descriHe'
later:'*n'principle7'there'is'no'intrinsic'limitation'in'this'approach7'as'lonF'as'the'
staHle'solid'phases'are'knoCn:'<he'staHle'solid'structure'can'He'inferred'from'
eGperimental'results7'or'it'can'He'solved'in'a'purelB'aH'initio'conteGt:'
'
FindinF'the'staHle'solid'phase'at'a'Fiven'pressure'and'temperature'is'a'hard'
DcomHinatorialE'proHlem'that'has'Heen'unsolved'for'manB'Bears:'<he'



multidimensional'nature'of'the'proHlem'and'the'eGistence'of'local'minima'has'
motivated'the'use'of'a'numHer'of'different'stochastic'FloHal'search'strateFies:'For'
eGample7'=Fanov'et'al:'recentlB'demonstrated'that'evolutionarB'alForithms'can'He'
used'to'predict'the'crBstal'structure'on'sBstems'Cith'up'to'VW'atoms'per'unit'cell7'
includinF'compounds'and'multiIstoichiometric'alloBs:'
'
*t'is'possiHle'to'make'the'alForithm'concentrate'on'the'most'promisinF'area'of'the'
confiFuration'space'until'the'FloHal'minimum'is'found7'HB'selectinF'onlB'the'Hest'
individuals'Dless'enerFeticE'in'a'fictitious'population'of'structures7'and'comHininF'
them'to'produce'the'neGt'Feneration'of'structures:'*n'order'to'increase'efficiencB7'*'
propose'to'use'multiple'levels'of'theoretical'approGimations'to'the'total'enerFBT'as'
the'alForithm'approaches'the'minimum'it'can'sCitch'to'more'accurate'methods'of'
calculatinF'the'enerFB:'Xe'can'incorporate'alForithms'of'this'kind'in'this'proJect'to'
predict'the'crBstal'structure'in'cases'Chere'eGperimental'crBstalloFraphic'
information'is'not'availaHle:''
'
=nce'the'meltinF'lines'for'each'staHle'solid'phase'are'determined'De:F:'HB'the'tCoI
phase'methodE7'theB'can'He'used'to'eGactlB'descriHe'the'free'enerFB'of'the'li6uid'
Cithout'makinF'additional'hBpothesis'or'introducinF'additional'approGimations:'
Necause'the'free'enerFB'of'the'solid'and'the'li6uid'are'e6ual'at'the'meltinF'line7'and'
the'free'enerFB'of'the'solid'is'Cell'knoCn'as'descriHed'aHove7'the'meltinF'line'can'He'
effectivelB'used'as'a'reference'state'for'thermodBnamic'inteFration'at'hiFher'
temperatures:'All'the'points'alonF'the'meltinF'line'are'valid'as'reference'state7'
makinF'the'computation'of'li6uid'free'enerFB'verB'straiFht'forCard:'
'
=ne'of'the'current'practical'limitations'in'HuildinF'E=S'is'the'lack'of'a'universal'E=S'
for'li6uids:'<he'first'steps'in'this'direction'has'Heen'proposed'HB'Chisolm'et'al:T'
hoCever7'there'is'a'real'need'to'develop'more'realistic'models'for'the'li6uid:'=ne'of'
the'Foals'of'this'proJect'Cill'He'to'investiFate'the'possiHilitB'of'devisinF'neC'
universal'E=S'for'li6uid'that'can'He'validated'HB'first'principles'simulations:'For'
eGample7'molecular'dBnamics'of'li6uids'can'provide'information'such'as'the'
coordination'numHer7'that'can'He'used'as'a'Fuide'for'identifBinF'pressure'ranFes'of'
simple'Hehavior'for'the'E=S:'<hese'pressure'ranFes'can'He'patched'toFether'in'a'
smooth'CaB'HB'usinF'the'coordination'numHer'fractions:'
'
<he'overall'proposed'scheme'can'predict'a'FloHal'e6uation'of'state'of'the'relevant'
staHle'solid'and'li6uid'phases:'Xhen'the'scheme'is'complemented'Cith'availaHle'
eGperimental'information7'it'can'He'used'to'estimate'realistic'error'Hars'for'
predicted'E=S'and'error'propaFation'across'description'levels'De:F:'alonF'a'
hBdrodBnamic'simulationE:'<he'aim'Cill'He'to'incorporate'methods'Cith'a'hiFher'
level'of'accuracB'HeBond'DensitB'Functional'<heorB'DDF<E7'such'as'Quantum'Monte'
Carlo'DQMCE7'into'the'E=S'taHle'Feneration'Chen'applicaHle:'For'instance7'QMC'
could'He'used'to'oHtain'Hetter'predictions'of'a'materialZs'cold'curve:'Part'of'the'
desiFn'Foals'of'the'proJect'Cill'focus'on'comHininF'and'handlinF'a'hierarchB'of'
theories'into'the'E=S'construction:'
'



Nesides'the'e6uiliHrium'E=S7'transport'coefficients'can'He'also'computed'Cithin'the'
same'first'principles'frameCork:'<hese'include'electrical'conductivitB7'thermal'
conductivitB'and'viscosities:'*'propose'to'calculate'the'transport'properties'Cithin'
the'same'underlBinF'approGimations:'<his'is'of'keB'relevance7'since'a'uniform'first'
principles'theorB'is'a'necessarB'condition'for'achievinF'thermodBnamic'consistencB:'
<he'frameCork'proposed'here'provides'the'most'predictive'parameterIfree'scheme'
feasiHle'Cith'the'current'computational'poCer'and'the'current'understandinF'of'
condensed'matter'phBsics'HB'characteriUinF'solid'and'li6uid'phases'Cithin'a'
consistent'description:'
'
9eal'Corld'materials'possess'a'more'complicated'Hehavior'than'the'one'descriHed'
HB'simple'e6uiliHrium'E=S:'For'eGample7'real'materials'have'strenFth'and'can'shoC'
larFe'hBsteresis'in'solidIsolid'transitions:'A'Cell'estaHlished'e6uiliHrium'E=S'can'
actuallB'isolate'these'second'order'effects'in'a'clear'CaB7'as'recentlB'demonstrated'
HB'=rlikoCski'et'al:''*n'that'Cork7'a'theoretical'E=S'alloCed'eGperimentalists'to'
shoC'anomalous'Hehavior'in'the'strenFth'of'HDC'in'HuFoniot'eGperiments7'
somethinF'that'Cithout'a'Food'understandinF'of'the'E=S'could'have'Heen'aHsorHed'
in'the'e6uiliHrium'part:'
'
<he'main'approGimations'that'Cill'He'used'in'this'proJect'DDensitB'Functional'
<heorB'in'the'PeneraliUed'Pradient'ApproGimationE'have'a'ranFe'of'validitB'that'can'
He'eGtended'HB'usinF'other'theories:'<homasIFermi'theorB'and'current'
implementations'such'as'*nferno'and'PurFatorio'can'He'used'to'eGtend'the'ranFe'of'
validitB'of'the'E=S'HB'matchinF'free'enerFies'at'intermediate'temperatures'
continuouslB:'=ne'of'the'Foals'of'this'proJect'Cill'He'to'connect'these'tCo'limits'
Dcondensed'matter'and'plasmaE'in'a'sBstematic'and'smooth'CaB:'
'
'
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'
<he'core'of'the'proJect'proposed'here're6uires'the'development'of'a'computer'
proFram'that'can'automatiUe'the'E=S'taHle'Feneration:'<his'proFram'Cill'have'the'
aHilitB'to'manaFe'and'Cork'on'top'of'implementations'of'electronic'structure'first'
principles'codes'such'as'AN*;*<7'PXSCF7'QN=['and'\ASP:'Each'of'these'codes'are'
particularlB'efficient'for'certain'steps'descriHed'in'this'proJect:'An'efficient'use'of'
them'Cill're6uire'a'fleGiHle'inteFration'scheme:'For'eGample7'one'of'the'codes'could'
He'dedicated'to'find'a'Food'harmonic'free'enerFB'for'the'solid7'Chile'a'different'one'
can'He'use'to'Hracket'the'meltinF'lines'or'estimate'anharmonic'effects'in'the'solid:'
<he'results'of'this'set'of'first'principles'calculations'are'FoinF'to'He'manaFed'HB'a'
proFram'that'Cill'inteFrate'the'larFe'volume'of'data'that'is'produced'in'order'to'
construct'an'E=S:'
'
*'propose'the'option'of'havinF'the'results'as'DsimpleE'analBtic'formulas'that'can'He'
either'inlined'in'hBdrodBnamic'codes'or'taHulated'to'keep'the'full'amount'of'
information'provided'HB'the'first'principles'results:'<his'is'related'to'the'challenFe'
of'findinF'Food'analBtic'models'that'can'descriHe'the'li6uid'state:'
'



FinallB7'*'am'planninF'to'Five'the'eventual'neC'E=S'results'immediate'applications'
Chen'possiHle7'for'eGample7'HB'lookinF'at'conse6uences'in'the'current'planetarB'
models:'<o'Five'an'eGtreme'eGample7'most'eGtrasolar'planets'discovered'to'date'are'
Fiant'planets'Cith'interior'conditions'reachinF'pressures'and'temperatures'as'hiFh'
as']W:^I^PHar'and']^W7WWWO:'Predictive'models'for'these'planets're6uire'in'first'
place'knoCledFe'of'E=S'of'the'hBpothetical'constituents:'
'
C=;CR?S*=;S'
'
*n'summarB7'the'proJect'that'*'am'proposinF'Cill'inteFrate'diverse'first'principles'
codes'and'implementations7'E=S'taHle'construction'routines'and'interfaces'to'
hBdrodBnamic'codes:'*'Helieve'that'Rivermore'RaHoratorB'is'the'ideal'place'to'
pursuit'this'proJect'due'to'the'comHination'of'eGpertise'DHoth'in'theorB'and'
eGperimentE7'computational'resources'and'the'shear'numHer'of'endIusers'that'Cill'
immediatelB'Henefit'from'this'proJect:'
'
*'anticipate'that'this'proJect'Cill'involve'a'larFe'deFree'of'interaction'HetCeen'the'
Froups'in'the'PhBsical'Sciences'H'and'\'Divisions7'as'Cell'as'the'different'hBdroI
code'Froups'in'the'X_C*'and';*F_PS'proFrams:'<he'Quantum'Simulations'Proup'
Could'He'the'ideal'host'for'mB'research:'
'
*'Helieve'that'the'completion'of'this'proJect'Cill'lead'to'Freat'improvements'in'the'
process'of'constructinF'E=S:'*n'particular7'it'is'important'to'note'that'DiE'all'the'steps'
proposed'here'are'verB'roHust7'i:e:'that'in'principle'should'He'applicaHle'to'anB'
suHstance'and'compleG'miGture'DiiE'each'of'these'techni6ues'has'Heen'validated'HB'
eGperiments'and'other'complementarB'techni6ues'DiiiE'it'has'Heen'shoCn'to'He'
feasiHle'Cith'the'computational'poCer'availaHle'in'Rivermore'RaHoratorB'and'DivE'it'
Cill'provide'a'consistent7'Cell'Frounded'description'for'E=S'taHle'construction:'
'
*n'mB'opinion7'the'inteFration'of'methods'proposed'here'Cill'streamline'the'
CorkfloC'from'first'principles'theorB'into'other'fields'of'Hasic'science'and'
enFineerinF'proJects'that're6uire'a'level'of'predictive'poCer'and'an'accuracB'that'
the'first'principles'construction'of'E=S'can'provide:'
'
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