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K]U x@ l}ORv xm |rN=O |x}q QO Tvqw@ QwD CHRr "�2 pmW� CU= |HQ=N

[15]"OwW|t x@U=Lt u}vJ CU=
�i = � (KYD)2 j!j (23)

w 'xQ=w}O R= |Owta |xrY=i Y 'utQ=muwi C@=F K = 0 4 '|r=oJ � u; QO xm
%h} QaD j@] xm CU= CU} QOuw |}=Q}t D

D = 1� exp
��Y +

26
�

(24)

Y + = Y

s
�w j�wj
�w

(25)

CHRr "CU= |D}U}DQw ! w 'xQ=w}O QO s=Q; CHRr �w 'xQ=w}O |WQ@ VvD �w
%CU= xOW ^=Lr u}vJ |HQ=N |x}q QO Tvqw@ QwD

�0 = �kCcpFwakeFkleb (26)

"CU= k = 0 0168; Ccp = 1 6 u; QO xm
Fkleb =

 
1 + 5 5

�
Ckleb

Y
Ymax

�6!�1
(27)

"CU= Ckleb = 0 3 '27 |xrO=at QO

Fwake = min

 
YmaxFmax; CwkYmax

U 2
diff

Fmax

!
(28)

T=U=Q@ xm CU= F `@=D Q=Okt xv}W}@ Fmax w Cwk = 0 25 xrO=at u}= QO
%=@ CU= Q@=Q@ h} QaD

F (Y ) = Y j!jD (29)

"|HQ=N w |rN=O Tvqw@ QwD CHRr l}D=tW "2 pmW
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"""w
Qm}B

xt=
[Q

OtL
t'V

=DQwt
}D=[

Q}ra u=tr= Qy QO '|}=Rxv=wH |xO}OB uOw@`} QU p}rOx@ "Ovvm|t OWQ Q_v OQwt u=tr=
%CWwv u=wD|t wQ u}= R= 'OwW|t s}UkD QDlJwm xR=@ Q} R n x@ �t u=tR

�t = �x
u
; n = �t

�t
(38)

u=Wv xR=@ |] hrDNt C=Q]k OWQ w |v=tR |=ys=o |Ov@s}UkD |xwLv 3 pmW QO
A `]kt K]U QO �t u=tR QO xOt; OwHw x@ O}OH C=Q]k O=OaD "CU= xOW xO=O
u=tr= QO hr= xwQo C=Q]k R= |W=v ML `}=t R=i sQH "CU= Jst(A�x) �t

n Q@=Q@
%OwW|t x@U=Lt u}vJ

ML(a) = Jst� t(AU)4
3��

�L
r�3
2 + �L1r31 + �L2r32 + :::+ �Ln

r3
n

2
�

(39)

QO� |r@k u=tr= |=yDv= QO =yv; Q]k w (Ni) C=Q]k O=OaD '? xwQo C=Q]k OQwt QO
\UwDt w (ri) |OwQw `=aW \UwDt Qo = "CU= XNWt �Q_vOQwt u=tr= x@ OwQw
QO ? xwQo C=Q]k R= |W=v ML `}=t R=i sQH 'OW=@ (re) u=tr= R= |HwQN `=aW

%OwW|t x@U=Lt u}vJ u=tr=
ML(b) = Ni

4
3�
�
�Ler

3
e � �Lir3

i

�
(40)

%OwW|t x@U=Lt 41 |x]@=Q R= �x xR=@ QO xOt; OwHw x@ `}=t sQH pm

ML = Ni
4
3�r

3
i�Li +ML(a) +ML(b) (41)

xO=iDU= |Oa@ u=tr= |=Q@ |OwQw u=wvax@ xm u=tr= |HwQN QO C=Q]k \UwDt Q]k
%CU= xOW x@U=Lt u}vJ 'OwW|t

S = Ni4� r2
e + Jst� t(A�x)4�

�
r�2
2 + r21 + :::+ r2

n

2
�

(42)

r =
�

S
4�N

� 12
(43)

Vr=oJ w xDi=} Vy=m |}=Rxv=wH MQv xm ?w]Qt |x}L=v QO xm CW=O xHwD O}=@
OQwt ? xwQo =} OwHwt C=Q]k OWQ =yvD 'OQ}o|t s=Hv= C=Q]k |H} QOD OWQ =@ \ki

[16]"CU= xOW Qw_vt QiY pO=at hr= xwQo C=Q]k O=OaD w xDiQo Q=Qk xHwD

|OOa VwQ "7
R= 5 pmW j@=]t |Ov@xm@W w xOt;QO V}=tv x@ 4 pmW QO u=} QH |xUOvy
sHL xO=U |xm@W u}= ?=NDv= =@ "CU= xOW ?=NDv= 41� 115 O=a@=x@ H ẁv
R= pL pqkDU= w xOW ?=vDH= |OL =D C=@U=Lt |oO}J}B R= w QDsm C=@U=Lt

[3�1]"CU= xOW pY=L xm@W \=kv O=OaD
(�; Vx; Vy; e) u=} QH |=yQ}eDt |=Q@ |}x}rw= Q}O=kt 'xm@W u}}aD ZLtx@
Q=Wi `} RwD 'Qw_vt u}= |=Q@ "Ov=xOW xOR u}tND |D=@U=Lt \=kv =} =yxQo s=tD QO
=@ =tO u=O}t 'xOW xDiQo Q_v QO |]N CQwYx@ |HwQN w |OwQw |xLiY u}@
u=O}t 'xOW O=H}= x}rw= u}tND u=wvax@ pt=m R=o l}B wQDvU}; |x]@=Q R= xO=iDU=
|=yCaQU xQNq=@ w 'xOW u}}aD pt=m R=o Cr=L |xrO=at R= xO=iDU= =@ |r=oJ
CQ=QL uOw@C@=F R}v w l}D=@=}O; u=} QH QO uwmU |=tO uOw@C@=F ZQi =@ |UOL
R}v w uwmU |rN=O |SQv= 'CaQU Q}O=kt x@ xHwD =@ "Ov=xOW XNWt XwYNt

[1]%OwQ|t Q=m
h = whL + (1� w)hG (32)

1
�

= w
�L

+ (1� w)
�G

(33)

w `}=t |=Q@ X=wN |xOvvmh}YwD \@=wQ 'xar=]t u}= QO Qo}O R=}v OQwt C=aq]=
[3]%R= CU= CQ=@a (vL) `=@W= `}=t XwYNt sHL u; QO xm CU= ?; Q=N@

vL = vC + a (TC � TS)1=3 + b (TC � TS) + c (TC � TS)4

1 + d (TC � TS)1=3 + e (TC � TS)
(34)

pO=at |v=QL@ |=tO 'TC |v=QL@ |x]kv QO ?; XwYNt sHL vC xm |Qw] x@
%R}v w CU= u} wrm |xHQO 647 27

a = �0 3151548 b = �1 203374� 10(�5)

c = 7 48908� 10(�13) d = 0 1342489
e = �3 946263� 10(�3) in SI units

%CU= xOW OQw;Q@ 35 |x]@=Q R= (TL) xQ]k |=tO QO ?; XwYNt |Br=Dv; ,=vt[
hL = cL (TL � TD) (35)

\@=wQ R= xO=iDU= =@ "CU= u} wrm xHQO 273 15 =@ Q@=Q@ w =v@t |=tO TD u; QO xm
OwW|t pY=L lWN Q=N@ |Br=Dv; |=Q@ xm |@=NDv= Cr=L |xrO=at w pUm =t

%R= CU= CQ=@a

hG = RTG
2
 r

1 + 4PB
RTG

� 1
!�

1� TG
B

dB
dTG

�
+ Fh (TG)

(36)

%u; QO xm |Qw]x@
Fh (TG) = a ln TG + bTG +cT 2

G � dT 3
G +eT 4

G � fT 5
G +const:

(37)

w

a = 46 b = 1 47276
c = 0 419465� 10�3 d = 7 33297� 10�8

e = 6 16548� 10�11 f = 1 94063� 10�14

const: = 1782 24 in SI units

`=aW w `}=t R=i sQH u=R}t |x@U=Lt |ovwoJ "6
C=Q]k \UwDt

xm |D=Q]k �hr= %s}yH=wt C=Q]k R= xwQo wO =@ ,qwtat |Wr=oJ u=} QH p}rLD QO
|] QO w Ov=xOt; OwHw x@ ,q@k xm |D=Q]k �? &Ov};|t OwHw x@ u=tr= l} pN=O QO

29



"""QO
Tm

=twr
�u

}wOr
=@T

vqw@
QwDp

OtR
=xO

=iDU
=

%s} Q=O =yCaQU R= xO=iDU= =@

e = e0 � V 2
X + V 2

Y

2 (45)

w OwW|t xOR u}tND (TG) Q=N@ |=tO |=Q@ Q=Okt l} =OD@= 'xt=vQ@ |=QH= QO
=tO w Q=Wi Q}O=kt u}= R= "O};|t CUO x@ Q=Wi 'Cr=L |xrO=at R= xO=iDU= =@ TBU
xO=iDU= =@ TBU "OwW|t xO=iDU= �36 |x]@=Q� |Br=Dv; |x@U=Lt |=Q@ (TG; P )

Q=Okt Qo = "O};|t CUO x@ 44 |x]@=Q j@=]t |rN=O |SQv= 'xOWx@U=Lt *|Br=Dv; R=
Q=Okt 'OW=@v |w=Ut 45 |x]@=Q R= pY=L |xH}Dv =@ |rN=O |SQv= |=Q@ xrY=L
j@=]t =]N `@=D Qw_vt u}= |=Q@ "OwW|t KqY= uwUi=Q � uDw}v VwQ =@ TG

%CU= xOW xDiQo Q_v QO 46 |x]@=Q

F (TG) =
�
e0 � V 2

X + V 2
Y

2
�
�
�
hG � P

�G

�
(46)

%OwW|t QU}t u}vJ =tO K}LYD 'wQ u}= R= w

�TG = �F (TG)
dF (TG)
dTG

(47)

%u}=Q@=v@
TG(new) = TG(old) + �TG (48)

QDt=Q=B "� "O}; CUO x@ j�TG=TGj � " xm OwW|t pY=L |Dkw sRq CkO
w Q=Wi O}OH Q}O=kt TBU �"CU= xOW Q=}DN= 10�4 pO=at w CU= |}=Qosy
|=tO '(P ) Q=Wi |}=yv Q}O=kt uOWswrat ZLtx@ "OwW|t x@U=Lt Q=N@ |=tO
|vmtt Q=Okt u} QDsm =@ w x@U=Lt |}=Rxv=wH MQv '(hG) |Br=Dv; w '(TG) Q=N@
j}kLD u}= QO "OwW|t xU}=kt 'OQm QwYD R=ilD =Q u=} QH Rwvy u=wD|t xm

[3]"CU= xOW Qw_vt Jmin = 1018 Nuclei=kg: sec

|}=Rxv=wH u=} QH �?
CrqO Q=N@ w `}=t \wrNt Q@ |}=k@ |=yQ}eDt '|Wr=oJ |=yu=} QH |UQQ@ QO
CtUk Ov=sm =L R=ilD |x}L=v Q@ xm |r=L QO <=k@ CqO=at 'wQ u}= R= w xDW=O
|r=oJ uOQmRwQx@ pL=Qt 6 pmW x@ xHwD =@ 'u}=Q@=v@ "OvwW|t pt=W R}v =Q |R=iwO
=t= "CU= u=Um} R=iwO w R=ilD C}a[w |=Q@ D |D=@U=Lt |x]kv QO |SQv= w

xm CaQU |=yxir-wt R= pY=L D |D=@U=Lt |x]kv R= =QPo u=} QH \N "6 pmW
"CU}v j@]vt xm@W \w]N Q@

"25 36mm OQwm w 18 26 mm s=o =@ Q_v OQwt O} *mU=m |xUOvy "4 pmW

"O} *mU=m |Ov@xm@W w xUOvy "5 pmW

=@ �|Oa@ wO TmwDU= � Q} w=v� sm =L CqO=at TBU "CU= x@U=Lt p@=k |SQv= Q=Okt
|v=tR s=o Qy QO w pL pQDvm sHL VwQ Q@ |vD@t [17]uwUt}H nv}JQ=ts}=D VwQ
`HQt T=U=Q@ "Ov=xOW RwQx@ |D=@U=Lt \=kv QO (�; Vx; Vy; e) |}=k@ |=yQ}eDt
Q=Wi |xOvvmTL l} x=Qtyx@ Q=yJ |xDUQ w wO |xDUQ |iqD= |=ysQD xOWO=}
xOWu} wOD |xt=vQ@ QO lwW R= TB w p@k C=v=Uwv w xv}tRTB C=v=Uwv Vy=m |=Q@
QO `}=t R=i CqO=at pL R= xO=iDU= =@ |R=i wO u=} QH QO Q=Wi "CU= xOW ^=Lr
'lWN *\}=QW R= |m} CU= umtt xm =Hv; R= "OwW|t pY=L |D=@U=Lt s=o Qy
Q=Wi w =tO C=@U=Lt |ovwoJ 'ODi}@ j=iD= Q=N@ u=} QH QO ?w]Qt =} '|}=Rxv=wH

%R= CU= xOw@ CQ=@a Cr=L xU u}= R= l} Qy |=Q@

lWN u=} QH �hr=
QiY C@ w]Q QUm w R=ilD u=} QH 'xO=Ov R=i Q}}eD Q=N@ xm u=} QH R= |DtUk QO
(�) pm |r=oJ w hG =@ |w=Ut (h) XwYNt |Br=Dv; wQ u}= R= "OwW|t |krD

%OwW|t u}}aD u}vJ R}v |rN=O |SQv= w CU= �G =@ |w=Ut

e = hG � P
�G

(44)

w Ov};|t CUO x@ <=k@ CqO=at pL R= pm |rN=O |SQv= w |r=oJ '|OOa pL QO
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"""w
Qm}B

xt=
[Q

OtL
t'V

=DQwt
}D=[

Q}ra TBU w Qw@a xv}W}@ Q=Okt R= |}=Rxv=wH MQv xm |t=ovy u}=Q@=v@ "OwW|t XNWt
x}L=v u}= QO "OwW|t R=e; ?w]Qt |x}L=v 'Ovm pwRv xOWh} QaD Q=Okt u} QDsm x@
xm =Hv; R= "OwW|t s=Hv= xQ]k OWQ =@ \ki Vr=oJ w CU= R}J=v |}=Rxv=wH MQv
`=aW |x@U=Lt |=Q@ 'OvQDnQR@ |v=QL@ |xR=Ov= R= C=Q]k `=aW ?w]Qt |x}L=v QO

[18]%CU= xOW xO=iDU= 51 |xrO=at R= C=Q]k

r = �1 59 �l+s
(1 59�l)2 + r1

�
r1 + 2(1 59�l)

�
+ 2�

�
TL � TG
hG � hL

�
�t

(51)

Q}Ut �l = 1 86�= ��GpRTG� w �t |v=tR xR=@ QO x}rw= `=aW r1 u; QO xm
[10]"CU= Q=N@ |=ypwmrwt O=R; V} wB

|Q}o\UwDt Ov}=Qi 'O};|tv OwHw x@ |O}OH|xQ]k x}L=vu}= QO xmu}= x@ xHwD =@
|R}J Ovv=ty C=@U=Lt |rm OvwQ 'p=L Qy QO "OQ=Ov |DQwQ[ C=Q]k xR=Ov= |=Q@
j@=]t F1; F2 |=y=]NCr=L u}= QO "OWh}YwD|}=Rxv=wH |x}L=v |=Q@ xmCU=
=OD@= "CU= xDi=} Q}}eD |tm `=aW OQwtQO =]N |UQQ@ |xwLv =t= 'xOW h} QaD p@k
pwtQi R= xO=iDU= =@ w OwW|t x@U=Lt 51 |x]@=Q R= xO=iDU= =@ (r0E) xQ]k `=aW
xORu}tND Q=Okt =@ QwmPt |=tO "OwW|t x@U=Lt (T 0LE) xQ]k |=tO '7 |U=tQ=o

%xOW xDiQo Q_v QO Q} R CQwYx@ F3 |=]N wQ u}= R= w xU}=kt (TLE) xOW

F3 = TLE � T 0LE (52)

xOW Q=QmD =]N w |aU '|}=Qoty \}=QW <=[Q= =D w xOW RwQx@ =tO 'T=U= u}= Q@
"CU=

|RQt \}=QW "1"7
xOvwW|@=}uwQ@ w |D=YNWt ẁv R= |UQQ@ u}= QO |HwQN w |OwQw |RQt \}=QW
u}= QO 'CU= CwY uwO=t |OwQw QO u=} QH xm u; x@ xHwD =@ "Ov=xOW ?wULt
x@ xHwD =@ &Ow@ Oy=wN OwHwt |HwQN |xYNWt l} w |OwQw |xYNWt xU RQt
"CU= QwYD p@=k |HwQN RQt QO C}a[w u}= Tma 'GwQN QO |DwY=Qi *u=} QH
l} w |OwQw QO |RQt \QW xU CU= umtt |D=YNWt |x} Q_v T=U=Q@ u}=Q@=v@
w p}Uv=Qi}O CqO=at pL =@ \}=QW Q}=U w OW=@ swrat |HwQN QO |RQt \QW
%R= Ov=CQ=@a CUOq=@ RQt QO xOWswrat |RQt \}=QW "OwW u}}aD |OOa CQwYx@
\=kv R= |OOa pL =@ R}v l}D=DU= Q=Wi "|OwQw |x} w=R w uwmU Q=Wi 'uwmU |=tO
l}D=DU= Q=Wi '|HwQN |xLiY QO =t= &Ov=xOW |@=}uwQ@ |OwQw u=} QH x@ |rN=O
|x} w=R w pm |=tO 'pm Q=Wi "CU= xOW xDiQo Q_v QO |HwQN \QW =yvD u=wvax@
Crax@ u}vJty "Ov=xOW |@=}uwQ@ |rN=O \=kv R= |OOa pL =@ R}v u=} QH |HwQN
"OvwW|t QiY pwiQ}= K]U |wQ Q@ =yCaQU |v=tR s=o Qy R= Oa@ CHRr C=QF=

%R= Ov=CQ=@a R}v |OOa G}=Dv |x�=Q= QO xO=iDU= OQwt |RQt \}=QW
� = 0� %|OwQw |x} w=R

P0in = 1 72 bar %|OwQw uwmU Q=Wi
��T = 8�K |OQU jwi=t |xHQO� T0in = 380K %|OwQw uwmU |=tO

Pout = 0 48 bar %|HwQN l}D=DU= Q=Wi

|x}L=v =@ xU}=kt QO |SQv= w |r=oJ swrat Q}O=kt R= =tO w Q=Wi |x@U=Lt |xwLv
C@ w]Q QUm =@ |R=i wO \}=QW QO C=@U=Lt u}= xm =QJ 'CU= Cw=iDt ,qt=m R=ilD
Qw;O=} "Ov=C@ w]Q u=R}t u}}aD w xQ]k OWQ CqO=at pL OvtR=}v w OvQ}oQO (w)

O}=@ w [7]OvDUy Sv=Qo q x=oO}O Q@ |mDt C=Q]k OWQ x@ \w@ Qt C=@U=Lt xm OwW|t
R= xm QD u=} QH \N uOQmXNWt u}=Q@=v@ &OvwW s=Hv= u=} QH \w]N O=ODt= QO
|xrO=at w CaQU Q}O=kt x@ xHwD =@ Qt= u}= "O@=}|t CQwQ[ OQPo|t D |x]kv
BAE x=oDU}= QO\}=QW uOw@ swrat =@ CQwY u}= QO "CU= Q}PBu=mt= u=} QH\N
|=Q@ sRq u=tR w CU= |@=}u=}t p@=k Q |x]kv QO \}=QW 'CU= xOW RwQx@ ,q@k xm

"Ow@ Oy=wN x@U=Lt p@=k �� t |va}� D|x]kv x@ C=Q]k uO}UQ
� t = �XE

((VXQ + VXD) =2)
(49)

u=wvax@ Q |x]kv QO (NQ) sQH OL=w QO C=Q]k O=OaD w (rQ) C=Q]k `=aW
Q}O=kt "OvwW|t xDiQ}PB QD O=ODt= QO C=Q]k OWQ MQv |x@U=Lt QO ẁQW \}=QW
xORxv=wH C=Q]k|v=QL@ `=aW |x]@=Q R= 'OvW=@ |R=iwO ẁQW |xrLQt QO Qo = xOWO=}
=yv; |x@U=Lt CQwY u}= Q}e QO "OvwW|t x@U=Lt =yxv=wH O}rwD MQv R}v w xOW
'|rm Qw]x@ "Ow@ Oy=wN umtt |r@k pL=Qt QO C=Q]k O=H}= w OWQ \@=wQ j} Q] R=
Q_=vDt *̀ =@W= |=tO R}v w (TL) xQ]k |=tO '(TG) Q=N@ |=tO u}tND =@ C=@U=Lt
"OwW|t ẁQW D QO pkDUt |=yQ}eDt u=wvax@ �� TS(P ) |va} �� Q=N@ Q=Wi =@
R= xQ]k `=aW u}tND R}v w �L; �G; hG Q}_v p=}U X=wN u}}aD ?}DQDu}O@
|x@U=Lt |=Q@ pL Ov}=Qi 'u; R= TB "OwW|t QU}t �7 xrO=at� |U=tQ=o ?} QkD
|xrLQt |=yDv= QO xJv=vJ "OQ}o|t CQwY |Q}op=QoDv= j} Q] R= ,=tUQ xQ]k OWQ
|x]kv |=Q@ x}rw= |v}tND Q}O=kt w C@ w]Q QUm 'xQ]k OWQ |xrO=at R= |Q}op=QoDv=
Ov}=Qi w xOW xDiQo Q_v QO xv=oxU |=y=tO |=Q@ |O}OH TOL 'OwWv <=[Q= D

"OwW|t Q=QmD
Ov}=Qi w <=k@ CqO=at p=ta= R= |W=v |xQ]k `=aW w |r=oJ '|SQv= Q}O=kt
|=y=tO T=U=Q@ |v}tND Q}O=kt =@ pta QO �r0D; �0D; e0D |va}� |v=tR *|vRs=o

"OwW|t u=}@ F1; F2; F3 `@=wD CQwYx@ =yv; hqDN= w 'xOW xU}=kt |[Qi
F1 = eD � e0D =

�
(1� w)hG + whL � P

�

�
� e0D

F2 = 1
�D
� 1
�0D

= [(1� w)vG + wvL]D � 1
�0D

F3 = rD � r0D (50)

VwQ ltmx@ �TG;�TL;�TS(P ) |va} |UOL |=y=tO Q}O=kt QO sRq Q}}eD
|=yjDWt \=@DQ= u}= QO "CU= xDiQo CQwY xOWO=} `@=wD j} Q] R= w uwUi=Q � uDw}v
Q=mx@ uwUi=Q � uDw}v Q=QmD Ov}=Qi QO xm @F1

@TG
; @F1
@TL

; @F1
@Ts(P ) Q}_v sRq |�RH
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