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Energy Production in Stars™*

H. A. BETHE
Cornell University, Ithaca, New York

(Received September 7, 1938)

It is shown that the most important source of energy in
ordinary stars is the reactions of carbon and nitrogen with
protons. These reactions form a cycle in which the original
nucleus is reproduced, wiz. C124+H=N13 NB3=CB4¢"
CB4H=N4, NU4+H=08 O¥=Nite", NOoH=C?
-+He!. Thus carbon and nitrogen merely serve as catalysts
for the combination of four protons (and two electrons)
into an a-particle (§7).

The carbon-nitrogen reactions are unique in their
cyclical character (§8). For all nuclei lighter than carbon,
reaction with protons will lead to the emission of an
a-particle so that the original nucleus is permanently
destroyed. For all nuclei heavier than fluorine, only
radiative capture of the protons occurs, also destroying the
original nucleus. Oxygen and fluorine reactions mostly lead
back to nitrogen. Besides, these heavier nuclei react much
more slowly than C and N and are therefore unimportant
for the energy production.

The agreement of the carbon-nitrogen reactions with
observational data (§7, 9) is excellent. In order to give the
correct energy evolution in the sun, the central tempera-
ture of the sun would have to be 18.5 million degrees while

integration of the Eddington equations gives 19. For the
brilliant star Y Cygni the corresponding figures are 30
and 32. This good agreement holds for all bright stars of
the main sequence, but, of course, not for giants.

For fainter stars, with lower central temperatures, the
reaction H4+H =D+ " and the reactions following it, are
believed to be mainly responsible for the energy produc-
tion. (§10)

It is shown further (§5-6) that no elements heavier than
He! can be built up in ordinary stars. This is due to the fact,
mentioned above, that all elements up to boron are disin-
tegrated by proton bombardment (a-emission!) rather than
built up (by radiative capture). The instability of Be?
reduces the formation of heavier elements still further.
The production of neutrons in stars is likewise negligible.
The heavier elements found in stars must therefore
have existed already when the star was formed.

Finally, the suggested mechanism of energy production
is used to draw conclusions about astrophysical problems,
such as the mass-luminosity relation (§10), the stability
against temperature changes (§11), and stellar evolution

(§12).

4



KER=
M5=1.99X10% g
E =08, EABHINRS, BRELE
15 =4.57X10°F
L —se g, Blde, RE
L5=3.8418X10% erg/s

¥ 15
R5=6.9598X10' ¢cm
AfeitmeyeSE5aA9RELL
Z/X ~ 0.02




Sl BRI R B : 3l a5 e A iA

GM?,
Loravity = ~ 1074
RoLg
BFTEFR R E: AFRANAEL XEZES

L

A~0.01cm - Latmoic™ (_) —~105£
A% B 1R RO :

tuctear = 0.7%X10%X

L

~1019%
O
BFReesiE TAHALEZHRELR



1.2

0.9

JOHN N. BAHCALL et. al., THE ASTROPHYSICAL JOURNAL, 555:9901012, 2001 July 10

-
N
..‘
-t
-®
.

I ! | ' | ' I ! |

AMBF 2 L FHa0 T

‘.
L]
L]
L]
L]
L]
L
a”
-
P
a®
a®
a®
¥
L]
a®
L]
a®

X MegsF& (10° )




AR T8 A 2R @) Sh 69 B A
ac dT*
3kp dr
P, aRFXK, TREE, k ATRERNE,
ZATFHa w1 a9EK
1
" ip
W AL S+ 7y BAREE 4t
R; = oT* (W/cm?)
WA H- K REZ A,

L(r) = —4nr?

K




KB HERE—NUSHK, EI )R
Ao B ) ¥ B A0 ) Z A TR S
% E 226 35] 7

aGm(r)p(r)dV

dF(r) = — 2

H EARAR T
dV = 4nrédr
B B &Y SR 5%

dF(r) dP(r)  Gm(r)p(r)
— dr r?

RS AR

dP(r) =

41772



FAFZ SRS RNERAR R

a 1 kpT
P(r) ==T*+— £ (1+ D)
3 m my

HP, aRFEK, TRERE, Kk AERE

"I

R%E, DANEFERHANHE, F
T hEHR
1 3 1
— = 2X+ V457
X: aM”ELEL
Y: A m=ELEL
Z: WWRENAALERE &L



S RKMTEHOHPAZE, IFERBAE,

FIEE A 1g/cm3, |+

7S R RR AL A T

ZpGMQ
Ro
~6%x1014Pa

P()~

HABIE 8 AR A A,
BA K

0

e :

LT A PR

~107K



AR THEERBREZAURNELHE 2
2

e
4ey2R

E;=2Ex E;=U =
FNRTIIE A
2

e
Ey = ~360 keV
K 41TEGR ©

W R AR HAL, TRHERE
2E

T=——=~3%x10°K > 107K
3k

BB ORERBEET, FEE;

5% R A

g A



REXARB P RMEFEENGE

N
S

N

IIIIIIIIIIIIIIIIIIIIIllllllllllllllllllllll

18
16
14
12

08
06

log1o(pe) [cm™3 /N 4]

04

02

O°

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
01 02 03 04 05
R/R

13



FRVE R FaAR B iy NS B

1. A5
- A K., BE&E (?)
2. KMz (V)
. AfeFE (V)
4, RS FHAL
o JRIE, FHE

)

5. TEFE
- ARELEEAMREL (Z/X)
6. F2IATZ K

- fxan. RFiIAR



—

*\

Y0 e o 22

A Ta T 89 * &

KMaEREZHE, 3l AKESELB
B LM E A B BB TR &

b
TH(p e"v)2H t FH f]‘b

1
H(P,e V2H =
: 09.75 9 1 0.25 % 17 F
T 99¢ 1%
1 1 0 / \ 0 160“3-‘]()1?,: 3 10'6 ears
! Y = e @ 2x 10" years 1S
| 2Hpy)He ) () . —
1 pp-llchain > “ 17
: R e 150 o) O
| 5 HI P H 0.00003 % (P ‘
85 % 1115 i 1
I ' 1 : ‘« 1 . y. 14N(p,y) 150 08 vours 15N(p,y) 180
: 3H9(3H6,2p)4He= =3He(oc,Y)7Be= ool chain He(p,e™v)"He 2 % 10° years x y 1x 10" years
1 1
1 1 = —— - L] 1?0 14N
—— 9 14 15 (p,2)
T - — 1 1 13
pp-1 chain | ! 1’ % | N N N 7 % 10° years
I L :
1 - TH 8 12 13
| Be(ew)Lil | Bepy)®E | Clp.p) N 3% 10 years| “C) "N
! il ' 7 x 10° years 1x 10° years
i 15 12
1 11 L N(p,a) “C
7 s B+ 8 12 13 ¢
= Li(p, ) HeJI : B(e"v)"Be I C C 6 x 10° years
[T T T T 1 1
I 1
8Be"(ox)*He 1

15



AXfEr

T EELEH T AR ZA

MitAE A 55idA2, BPppaEA=CNOMA R,
QPN e a2

Py,

- 2L
 4nd%(Q — 0.53MeV)

~6.47x1019c¢cm %51

d5=1.5X1083cm (H®IESR)

H5—/"40GWHI R B (R4 7 EB LB
wok) ElkmEZLZLENV EBEHY,




MK FP#“TFEIER TP,
FERVARAE T A58 XA~

X iR A

’ﬁ%lﬁiﬁﬂﬁmii

WiEmE L. BAKRMOMALIERTER
BH Z, = Z, 9B R ARG

S(E)

o(E) = E

( 27TZ1Z2 a
exp 7

U
\ 2E (keV)

o+ S(E) RRXAMES-BT, afh A
RAFMEM T RAER LT, n AHK

=,



EXMEHT, SE)=S0), SOZZH
M, TEKRQEBANZ, BHlde

Si,e ’H (p, vy) 3He
Sase SHe (3He, 2p) “He
Syt 3He (“He, y) "Be
S p ("Li, “He) “He
Siat ¥N (p, v) B0

2005FLUNASTHN (p, v) BOMA &M &
{HILZ AN A BB FiE, X— R IASTCNY
FH AP HFETHEEETEEY R,




S-factor [eV b]

10

—
T

0.1

S, H (p, y) *He

" Adelberger - SF || (2011] ——

Griffiths (1962) ——
Griffiths (1963) ——
Warren (1963)
Bailey (1970) &
Schmid (1997) —&—
Ma (1997) —e—
Casella (2002} —w—
Bystritsky (2008) —=—
Marcucei (2016} ——

T b T
Py
ol
Lma |

——

EEN

10 100 1000

E [keV]
19



Sq4 [keV barn]

Ss4: SHe

0.7

05

04

01 F

Adelberger ef al. 2011

LUMNA 2006=2007
Brown ef al. 2007
di Leva et al. 2008
Carmona af al. 2012
Bordeanu et al. 2013
Kontos et al 2013
Takacs et al 2015

Sun

0.0
0.01

E [MeV]

20



Sl 143

14N (p,

,Y) 150

I
I

S—factor [keV barn]

(%]
7

Lamb Hester 1957
Schréder et al. 1987
NACRE extrapolation 1999

LUNA data 2004 (solid target)
LUNA extrapolation 2004
TUNL data 2005

LUNA data 2006 (gas target)

HeH
H
=

|
O

A

O

50 100

150

E [keV]

200

250

21



= 4 B
a9 K fa ‘:bﬁs’ﬁ

Flux [cm®s” (100 kev')]

2.S-B]

x]

T eyl & 7]
_lﬁgiﬁi ﬁzjj- 1N O

SFII GS98 + eeCNO
Solar Neutrino Spectra (+10)

PP[£0.6%]

’Be[lﬂ%]
‘Be[+7%] ]
[ I pep[*1.2%]
I [
‘3N[+14_c%_,]___-j- :::::::F:‘.‘_\
.-‘: _______ I ] " )
50[+15%] 1 - J--d] 1eN[+14%]
______ ‘: - : : “l I eO+eF +15%] 88['*'147]
|5[+19%] /L/:/

1.0 2.0
Neutrino Energy in MeV

5.0 10,0 20.0

PDG2020

B SSM HHE

22



AMEPRFEAGEE, BFTRE
E-t]}a V‘]%Ff‘f’.‘%ﬁ/i}iﬁﬁfémo

B F-FFeE @’éﬁu‘a‘kﬂ‘éﬂ

F T l . F J100
‘ \\\\ ‘ e pp ‘ \\\\ ')—!6_’# e 1:?’N
18 \\\ ' 0 pep T \\ EE% — 150
> | hep \, em-3mol! -~ F 480
15— Be T T\ :
A . 8B
12—\ | IE—

~ -
~-
-
~
-~

23

Ile/NAv



KB AZRNFEWREE

Lyua
(1 Anu[j )2 = Z a;P(X;)
L i=1,8

A, o) HRELNEH FHTRE,
EATAY L4 R A
Lyya = 1.047007% L
REZITZ Rk AD(pp) WNERE, dwFe L
TR LR
Lywa = (0.99173702 + 0.00973002) Lo
pp- & CNO — 153




K MAHE AR A FAAR A A T

D X TF5H4EFE A 72/X=0.0234SSM
@ & T4 5 F E 814 Z/X=0. 0186’JSSM

e B ERAE
T RIFFE XK
HREWER 5
R £2F AT L7 e
Ae AR — AR 69 02| o

1B I% R T AL 69 i
%}{ k 0.70 0.71 | :‘0.72 | 0.73 074

xmmg¢&%

-
- 1




VOLUME 12, NUMBER 11

PHYSICAL REVIEW LETTERS

16 MARCH 1964

SOLAR NEUTRINOS.

I. THEORETICAL*

John N. Bahcall
California Institute of Technology, Pasadena, California
(Received 6 January 1964)

The principal energy source for main-sequence
stars like the sun is believed to be the fusion, in
the deep interior of the star, of four protons to
form an alpha particle.! The fusion reactions
are thought to be initiated by the sequence H(p,
e*v)*H(p, y)°*He and terminated by the following
sequences: (i) *He(*He, 2p)*He; (ii) *He(a,y)"Be-
(e"v)’Li(p, a)*He; and (iii) *He(a,y)"Be(p, y)*B-
(e*v)?Be*{a)*He. No direct evidence for the
existence of nuclear reactions in the interiors of
stars has yet been obtained because the mean
free path for photons emitted in the center of a

star is typically less than 1071° of the radius of
the star. Only neutrinos, with their extremely
small interaction cross sections, can enable us

to see into the interior of a star and thus verify

directly the hypothesis of nuclear energy genera-
tion in stars.

The most promising method? for detecting solar
neutrinos is based upon the endothermic reaction
(@=-0.81 MeV) "Cllvgyy,p 2™ ) Ar, which was
first discussed as a possible means of detecting
neutrinos by Pontecorvo® and Alvarez.* In this
note, we predict the number of absorptions of
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ve+ 'Li> 'Be+e” E, = E.- +0.862 MeV
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A Suggestion on the Detection of the Neutrino ~ With X capture in two different processes:*

KAN CHANG WANG Be’+ex—Li"+2+ (1 Mev)
Department of Physics, National University of Chekiang Tsunyi, and

Kusichow, Chine Be’+ex—(Li")*+74(0.55 Mev),

October 13, 1941 (Li"y*—~Li’"+hv+0.45 Mev.
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