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The proton-rich heavy nuclei are produced by proton-capture and/or photo-nuclear 

reactions starting with the products of neutron capture. 

The stellar conditions in which the proton-rich nuclei are produced must be such that 

the proton density Pp=10~102gcm-3, the neutron density Pn=10-5~10- 4 gcm-3 and the other 

matter density p:S 1Q-5gcm-3 at the temperature T= 2.5 -,3 X 109 °K. It is, however, difficult 

to explain the abundance of all proton-rich nuclei for the equal temperature. It is possible 

if there exist the regions of different temperature. To form these nuclei the nuclear for

mation by the effective (jJ, r) reaction occurs in the higher temperature region and the 

nuclear formation by the effective ( r, n) reaction in the lower temperature region. 

§ l. Introduction 

Burbidge et al.ll and Cameron2
) have explained the observed data by as

suming that the heavy elements existing in the universe are formed through 

the neutron capture process. They divided its process into two types: The one is 

the slow neutron capture process (s-process) which occurs at a comparatively 

low temperature in the stellar interior, the other the rapid neutron capture 

process (r-process) which takes place during the initial stage of supernova ex

plosion. The heavy nuclei being produced through these processes are subjected 

to beta-decays, so that they are located on the stability curve and on its right

hand side in the N-Z plane (se~ Fig. 1). 

However, the proton-rich heavy nuclei which are located on the left-hand 

side of the stability curve cannot at all be produced by the neutron capture; 

hence it has been suggested that these nuclei are produced by proton capture 

and/ or photo-nuclear reactions starting with the products of neutron capture 

processes. Burbidge et al.ll explained qualitatively the data of Suess and Urey3
) 

assuming that these nuclei were initially produced by (p, r) reactions operating 

on about 1% of the material which has already been synthesized through neutron 

capture processes. They showed that these reactions occur when the temperature 

T=2,....._,3 X 109 oK and the proton density ('p <: 102 gcm- 3 
•. It is impossible, how

ever, to explain the relative abundances of all the proton-rich nuclei under the 

same stellar conditions and the nucleus 1
~~ La cannot be produced for a low 

tern perature. 

Moreover, for the temperatures above 2.5 X 109 degree the (r, n) reaction 

time, "
7

n, is smaller than the (f>, r) reaction time, 'p 7 , in the very heavy element 
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Stellm· Synthesis of the Proton-Rich I-Ieavy Elements 991 

region; hence the formation of the proton-rich nuclei by the (p, r) reaction would 

be almost impossible there. 

In this paper we shall quantitatively deal with the process of forming the 

proton-rich heavy nuclei in the supernova envelope, and investigate whether the 

abundances of all proton-rich nuclei are explained under the same stellar condi

tions. As was suggested by Burbidge et al.1
> we assume the (p, r) and (r, n) 

reactions as the processes producing these nuclei. The comparison between the 

reaction times of two processes, (p, r) and (r, n), forming the proton-rich heavy 

nuclei from the seed nuclei which have already been synthesized tells us that 

-.:- 'Yn <-.:-P'Y at the temperatures of 2.5 ro../ 3 X 109 °K in the region of elements having 

large mass number A and vice versa (see Fig. 5). However, at the temperature 

of 3 X 109 °K only the (p, r) reaction of the reactions on the nuclei having the 

small mass number is. responsible for the formation of the proton-rich nuclei, 

while at the temperature of 2.5 X 109 °K only the (r, n) reaction of the reactions 

on the nuclei having the large mass number is effective. It is impossible to 

form the all proton-rich nuclei by both reactions at the equal temperature. 

Therefore, we consider the two regions having different temperatures. When 

the (p, r) and (r, n) reactions took place in two regions, the light elements of 

the proton-rich nuclei can be produced by (p, r) reactions in the region of the 

higher temperature ·and the very heavy proton-rich nuclei can be produced by 

(r, n) reactions in the region of lower temperature. The abundances of the 

proton-rich heavy nuclei are shown in Fig. 6. 
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@ The proton-rich heavy nuclei. 

Q' Of the proton-rich heavy nuclei, the nuclei having a possibility 
produced in weak loops of the s-process chain. 

o The nuclei produced hy neutron capture processes. 

Fig. 1. A chart of the proton-rich heavy nuclei. 
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992 K. Ito 

§ 2. Synthesis of the proton~rich heavy nuclei 

(i) Reaction rates 

Let us now consider the reaction rates for (p, r), (r, p), (r, n) and (n, r) 

reactions on the heavy nuclei. In general, for the (jY, r) reaction on a heavy 

nucleus (/1, Z) a mean reaction time per one nucleus, 'p·n is approximately 

given by using a statistical nonresonant formula as 

(1) 

where }P7 is a rate of reaction per one nucleus per unit time, ('p the density 

of protons in gcm- 3 and T 9 the temperature in units of 109 °K. 

A last proton binding energy QP of a fixed N nucleus becomes progres

sively smaller as more and more protons are added, and the (r, p) reactions 

become operative. A mean reaction time for the (;-, p) reaction being in a state 

of detailed balance, 

1.5 2.5 ,) :J.5 

Fig. 2. (a) (jJ, y) and (r, p) reaction times 

for typical nuclei. (Z, A)= (40, 90), 

T :l/2 
!J (2) 

() -
I J' c P"' 

1 1.5 2 ') r 
L,,;) 3 3.5 

Fig. 2. (h) (jY, y) and (r, p) reaction times 

for typical nuclei. (Z, A)= (60, 142). 
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Stellar Synthesis of the Proton-Rich 1-lea'VY Elements 993 

or 

log-z-7 P= -10.30-1.5logT~)+5.04 ~: +logc-71,pp, (3) 

with all logarithms to the base 10; I. 7 P a reaction rate of the (r, p) reaction 

and QP in units of Mev. For Z=40 and 60, the values of "v7 and T 7p are 

shown in Fig. 2 assuming ('P = 10, 5 X 10, 102 gcm- 3
• 

On the other hand, a mean reaction time of the (r, n) reaction, -r 7 m is also 

obtained from that of the (n, r) reaction Tn7 • Write a- for the cross section of 

the (n, r) reaction and let v and Pn be the velocity and density of neutrons 

responsible for its reaction,· respectively, then 

1/ T n7 = l.n7 = 6.02 X 1023 
Pn a-v, (4) 

where )n7 is a reaction rate per one nucleus per unit time. For the value a-, 

we use the cross sections evaluated4
l from the reactivity measurement for a 

neutron energy of 25 kev and for the unknown cross sections we interpolate 

or extrapolate their values from the known experimental ones considering the 

difference between even A and odd A nuclei for which a ratio (odd A)/ (even A) 

= 1 ,...__, 4 in the heavy element region. A mean reaction time of the (r, n) reac

tion is also obtainecl from the equation for the equilibrium between (n, r) and 

(r, n) reactions. 

X exp ( -11.60n/Tn) (5) 

or 

where ) 7 n is a reaction rate and On a 

last neutron binding energy 1n a 

nucleus (A, Z) in units of Mev. The 

relation between these reaction times 

Tn7 and T 7 n is shown in Fig. 3. 

(ii) (p, r) reaction 

In this subsection we shall formu

late and solve the general problem of 

the nuclear formation in which the 

proton-rich heavy nuclei are produced 

by the (p, r) or (r, n) reaction on a 

fast time scale. As was described in 

5 
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~=::::J;:~~s;_:=:s~~;::3;:::e:} ~Zr 
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- 20 ~1~~1~.5~~2--~2.~5--~3--~3~.5--~4 

Fig. 3. (r, n) and (n, r) reaction times. (n, r) 

reaction time is assumed to be constant for 

a given density Pn. 
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994 I<:. Ito 

§ 1, it is assumed that these processes occur at 2.5----,3 X 109 degrees, and only 

about 1% of the heavy nuclei which have already been synthesized by the 

neutron capture process contribute to produce the proton-rich heavy nuclei. 

Besides these processes, we must consider the reactions induced by a

particles, but their reactions occur much slower than those by protons, for 

example, a ratio of )aor/ )v1 being equal to 0.43 · FaiFP · exp { 41.5-10 (633/T9 ) 
113

} 

for (A, Z) = (120, 50), in which )a1 is a reaction rate of (a, r) reaction and Pa 

the a-particle density in units of gcm- 3
• Therefore, it is able to neglect the 

effect of the reactions induced by a-particles hereafter. 

Next, it should be noted whether the number of protons which can be 

added to the heavy nuclei is limited by the positron decay times. In the region 

of the proton-rich heavy nuclei, a mean lifetime of ij+ -decay ' 13 + is agreeable to 

the calculated values as positron emission takes place by a forbidden transition 

to the ground state of their nuclei. Hence for an unknown mean lifetime of 

/3+ -decay we estimate it using the expression as 

'/3+ ~ 106 I vV1 :- sec (forbidden transition)' 

W 13 f-=M(il, Z) -1\d(il, Z-1) -0.51, (7) 

where M(il, Z) is the mass measured in units of Mev, for which we used the 

semi-empirical mass formula derived by Cameron. 5
) Then the calculated value 

T 13 + is of the order of 10 minutes at least for the nuclei of interest. Now the 

duration of a supernova explosion has been estimated to be 1 ~ 103 sec, so we can 

neglect these {J+ -decay processes in our rapid processes. 

Thus, neglecting the a-induced reactions and f9+ -decay reactions, we can 

write the time variation of abundances of nuclei in our process, in which is 

treated the (p, r) reaction at first, as follows : 

_d;z(O! __ = )p
1 

( -1) Jl ( -1) - {)p
1 
(0) + )

1
p (0)} Jl (0) + ).1P (1) n (1)' 

dt 

~ln( 1 )-=)v 1 (O) n (0)- Vv
1 

(1) +.i1 v (1)} n (1) + )1v (2) n (2), 
dt 

etc., 

(8) 

which n (i) is the relative abundance of a nucleus i, )P1 (i) and ) 1 v (i) are the 

reaction rates of the (j:>, r) and (r, p) reactions on a nucleus i, respectively. 

As protons are very abundant in comparison with the other nuclei, the reaction 

time which the seed nuclei capture protons is much shorter than the duration 

of supernova outburst. Hence we need not consider the (p, ;-) reaction time 

on the initial several seed nuclei until the last proton binding energy in a 

nucleus decreases and the inverse reaction (r, p) becomes effective. That is, 

when the proton capture process proceeds and the (r, p) reaction rate becomes 

comparable with the (j:>, r) reaction rate, a quasi-statistical equilibrium would 
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Stellar Synthesis of the Proton-Rich 1-fecl'vy Elenzents 995 

be realized between (jJ, r) and (r, p) reactions for a short period. If the 

time during which the proton capture process takes place is long, the pro

duced proton-rich nucleus ·is released from the system including such an equi

librium state. 

D ~Q~L0 },pr(.2) [D~GJ~~;.;,rcs) seed~-- l 2 . 3 tl 5 --nuc et ...,...____ ....---- -+- ..,..__._ .._ 

The largest Z ..lr/•(1) ..lrp(2) /.o,(:·n ArJo(4) J.rp(S) 

nucleus of the 

(J\n example) 
seed nuclei 

1
~~Pd 

Fig. 4. Schematic diagram of the (jJ, r) reactions. 

When a nucleus reached one satisfying the condition such that )p1 (O) -~A 1 p (1), 

we call its nucleus a nucleus 0. We shall consider conveniently the system 

constitute of six nuclei. Then in most cases a nucleus 0 corresponds to an 

even-even nucleus which also is the largest Z nucleus of the seed nuclei having 

the same N (see Fig. 4). Thus we assume A1 p (0) =0 because of )P1 (0) > A1 p (0) 

and put the initial conditions such that n(O) =1, n(1) =n(2) =n(3) =···=0 at 

t=O. Then Eq. (8) are written in the following from a nucleus 0 to a nucleus 

5 and their solutions can be obtained. 

dn (0) _ ( ) ) ) ~---[--- -)P'Y 0 n(O +J. 7 p(1) n(1 , 
ct 

_cf!Z(1) =)p
1
(0) n(O)- Pm(1) +Ao

1
p(1)}n(1) A

7
p(2) n(2), 

dt . 

.. . .. . . . . . . . . . . ... .. . .. . . . . . .. . . . . .. . . . . . . . .. .. . (9) 

_4n_(~)--=Apo 1 (3) n(3)- {i.P
7

(4) +J.
7
p(4)}n(4) +l.

7
p(5) n(5), 

dt 

__ dlz(_5)_=)P'Y(4) n(4)- {/~"~(5) +J.'YP(5)}n(5), 
dt 

where the reaction rate of a nucleus 5, )~ 1 (5), is expressed as the released effect 

from the system m a quasi-equilibrium from a nucleus 0 to 5 and is approxi

_mately given as 

(10) 

The value Av1 decreases gradually as the mass number increases, for which 

a ratio )p1 (0) / Ap1 (5) ~4.--..-5 through each process, while the value A1 v increases 

rapidly with the form exp ( -11.6 OP/T9). Also, for the same N nuclei 

)
1

P (Z odd) > A1 v (Z even) from the odd-even effect of a last proton binding 

energy in nucleus. When we assume Tg=3 and Pv=10,..._.102 gcm- 3 for the 
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996 K. Ito 

reason that it will be discussed later, ).'lP (5), ).'lP (3) and ).'lP (1) are all larger by 

the order two or more than the other /., and it tells us )'lP (5) }> }o1p (3) }> ).'lP (1). 

Taking account of the above relations among the reaction rates we can 

solve Eq. (9), 

G 

n(i) =Aie-sot+ .z= Bie-slct (i=0,..._,5), (11) 
k=l 

where o0, rib /)2, r)3, rJ4 and /'J5 are the approximate solutions of the following 

equation: 

X
6 
+ J'lP (5) X

5 
+ J'lP (5) )'lP (3) X4 

+ J'lP (5) ).'lP (3) {)'YP (1) 

+ ).'lP ( 4)} X 3 + ).o;p (5) ).'l}J ( 4) ).'lP (3) LIP (1) X
2 + ).'lP (5) 

X ).'lP ( 4) ).'lP (3) {/P'l (0) ). P'l (1) + l.p7 (0) ).'lP (2) + )'lP (1) ).'lP (2)} X 

(12) 

It may be allowed to neglect the higher terms in comparison with the first 

term of (11) considering r10 <S i)1 , rJ2 , · · · r)5 • Then n (i) have the following expres-

Sion, 

)P'l (0) )P'l (1) ).P'l (2) )P'l (3) ).P'l ( 4) ;.;'l (5) 

).'lP (3) ).'lP ( 4) ).o;p (5) v P'l (0) ).M (1) + ).P'l (0) )'lP (2) + ).'lP (1) ).'lP (2)} 

(13) 

where .ili, etc., are the coefficients expressing the distribution of nuclei for 

t <S 1/ r)0 (i.e. e-sot~1), and .118, JL1, -"1 5 are smaller by qrder two or more than 

Ao, A2. 

From (9) ,..._,_, (13) we can evaluate the relative abundances of the proton-rich 

nuclei to their seed nuclei. Under the above conditions T 0 =3, pP=10"'-'102 gcm- 3 

the proton-rich nucleus corresponds to a nucleus 2 with the exception that 1
l~ In 

and 1 ~~ La correspond to a nuclei 1 and ~i Mo to a nucleus 0, in which 1
~~ La 

(only a· seed nucleus of 1 ~~ La) IS exceptionally an odd-even nucleus. Thus n (0), 

n (1) and n (2) are given by 

n(O) ~Aoe-Bot~ ).'lP(l) ).'YP(2) 

).'lP(l) )'lP(2) +J.P'l(O) )'lP(2) +J.P'l(O) ).P'l(l) 

n (I) ~ A1 e-so t ~ )P'l (0) )'lP (2) 
)o;p (1) )'lP (2) + )P'l (0) ).'YP (2) + )P'l (0) )P'l (1) 

and 

(14) . 
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Stellar Synthesis of the Proton-Rich Ileavy Elements 997 

Since the nucleus ~~~La is a double shielded nucleus, which is not so proton

rich, it is unable to produce it by the i1-decay processes considered as the freez

ing reaction in the cooling stage from the unstable nucleus, which is the 

product of the neutron capture process. Even if we also assume that ~~~ La is 

the product of the proton-capture reaction from ~~~ Ba, this nucleus cannot be 

produced at Tg < 3 because )'YP c~~ Ce~-)
1
~~ La) ~)P'Y c~~ La->

1
~~ Ce)' 1

~~ La being the 

Z odd-N odd nucleus. To produce 1
~~ La through the proton-capture process 

the temperature needs to be at least 3 X 109 °K. ]'he astrophysical condition of 

T 9 > 3 would be implausible in the supernova envelope containing the excessive 

abundance of hydrogen. \Ve therefore take T 9 =3 for pP=10,..__,102 gcm- 3 to 

produce ~~~La. When the temperature rises to about 3 X 109 °K, one must notice 

that the (r, n) reaction time becomes shorter than the (jY, r) reaction time in 

the very heavy element region as indicated in Fig. 5. Namely, the (r, n) reac

tion on their elements first occur and the seed nuclei for the (p, r) process are 

almost brought off. Hence the formation of the proton-rich nuclei by the (p, r) 

reaction is impossible there. l\1oreover in the envelope the neutron density is so 

low (10- 5 "'"'10-4 gcm- 3
) that the (r, n) reaction rate is much larger than the 

(n, r) reaction rate in the very heavy element region for this temperature. 

These facts tell us that the formation of the proton-rich nuclei in the very heavy 

element region is impossible in either process at T 9 =3. 

In order to produce the proton-rich nuclei by the (r, n) reaction in the 

very heavy element region, we must lower the temperature for the densities 

(lp=10,...._,102 gcm- 3 and Pn=10- 5 "'"'10-4 gcm- 3
, these densities being the suitable 

values in the envelope of a supernova. As shown in Eqs. ( 4) and (5), the 

value of )n-r is almost independent of temperature, while )7 n changes sharply with 

the temperature. Therefore, if we adopt Ta=2.5 to increase the value of A7 n 

for the same neutron density, the quasi-equilibrium state between (r, n) and 

(n, r) reactions realizes for a short period and the proton-rich nuclei can be 

produced through the (r, n) process on the seed nuclei in the very heavy ele

ment region. In the light element region, at the temperature of T 9 = 2.5 the 

(p, r) reaction time is shorter than the (r, n) reaction time, so that the (p, r) 

reaction is favorable as in the case of T 9 =3 (see Fig. 5). In this case, however, 

the proton-rich nuclei cannot be produced by the (p, r) reaction because of 

)P
7 
> )

7
P for (lp= 10-----102 

gcm~
3

• I-<~ or T 9 =2.5, therefore, the proton-rich nuclei 

in the light element region cannot be made in any case. 

Here we assume that there exist two regions of Tn = 2.5 and three for the 

densities of ('p = 10,......., 102 gcm- 3 and Pn = 10-5
,......., 10~ 1 gcm- 3

• Then the light nuclei 

of the proton-rich nuclei would be produced by the (jY, r) reactions in the region 

of T 9 =3, and the very heavy nuclei of the proton-rich nuclei would be produced 

by the (r, n) reactions in the region of Tn=2.5. 

The relation between the proton-rich heavy nuclei and their expected for

mation processes is shown in Table I. 
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p1,=5Xl0 gem :l 

w-·1 1\,~'?.s 
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10-" 
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75 

/---- ......... 
/ .... , 

IviQSS number 

K. Ito 

lQI 

10' 

102 

10 

-------- ... 
/ '',.._, lQ-3 

/ ...... 
/ '-------..., ........... 

10--7 

10-8 

10-9 

Fig. 5. The reaction times of (p, r) and ( r, n) reactions for the production of proton-rich 

heavy nuclei. 

(iii) (r, n) reaction 

The general formula forming the proton-rich nuclei through the (r, n) 

process is treated with the same consideration as in the (jJ, r) process. For 

i.P7 and i. 7 P in Eqs. (8) and (9), we may substitute i. 1n and i.n1 , respectively. 

Since i. 77JO) <;m(O) for Pn=10- 5 ~10-
4 gcm- 3

, i.n7
(0) being not negligible in 

comparison with i. 7 n (0), A1 n (0) is replaced by i. 7 n (0) + An1 (0). Then the following 

equations are obtained: 

dn(O) 
=- {/ 7 n (0) + )n7 (O)} n (0) + in1 (1) n (1), 

dt 

(15) 

(16) 
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Stellar Synthesis of the Proton-Rich ..flea'VY Elements 999 

To explain the formation of the proton-rich nuclei through the quasi-equilibrium 

state between the (r, n) and (n,"y) processes during the initial phases of the 

supernova explosion, we require the conditions such that Pn =--= 10-5 
,...,._, 10-'1 gcm- 3 

for T'
9
=2.5 as discussed before. Taking here the value Pn=1o-u,.......,1Q--4 gcm- 3

, 

),rn (1) and )
7

n ( 3) are larger by order one or more t}:.an the other all reaction 

rates /.() 7 n(l)>i. 7 n(3)), and /.n/s values are almost constant O·wrCN odd)/in7 

(N c_ven) =2,.......,4) for fixed Z nuclei. Similarly to the case of (j:>, r) reaction, 

we neglect the time until the seed nuclei Cfipture the r-rays and reach the 

nucleus 0, and take the initial conditions that n(O) =1, n(l) =n(2) = .. ·=n(5) =0 

at t=O, assuming the system from the nucleus 0 to the nucleus 5. The nucleus 

2 generally corresponds the proton-rich heavy nucleus except 1
~~ La which cor

responds to the nuclei 1. In the case that the proton-rich heavy nuclei have 

two isotcpes, these nuclei correspond to the nuclei 0 and 2. Since the depend

ence of Qn on the mass number is not so large as that of QP, the value i.7n 

does not sharply increase with the mass number for fixed Z nuclei. The total 

r..umber of seed nuclei will be distributed among comparatively many species 

of nuclei for each process, and Ai express the distribution coefficients of the 

produced nuclei for a short period. 

= ... _ ).'Yn(2) : 1:, ).n'l (2) 

}.n'/(3) }.'!n(1) 

).n'l (2) ).n'l (1) 

L;n (1) } 7 n (0) 

).ny (2) )wr (1) )n'! (0) 

)'/n(l) }'ln(O) ).'In( -1) 

(17) 

where A 2 is normalized to 1, and the values A 4 , Jl5 .. • are smaller by order two 

or more than that of A2. 

Considering the above relations, the relative abundances of the objective 

nuclei are obtain.ed as follows. 

n (2) ~ A 2 e- 301 
t, 

lZ (1) ~ill e- 001 
t, 

{i 7 n (0) iny (0)} )'In (1) ).'In (2) ).'In (3) ).'In ( 4) ).~, (5) 

(18) 

).ny (3) ).ny ( 4) ;;,7 (5) { (/ 'f?t (0) )ny (0)) ()'In (1) + ).ny (2)) + ).ny (1) Jw1 (2)} 

Using (14) and (18), the relative abundances of the proton-rich nuclei to 

the seed nuclei can be calculated for two processes, (j:>, r) and (r, n), the 

fonner is responsible for the large J1 nuclei at T'9 =3, {'p=l0'"'-'102 gem-:\ and 

the latter for the small ..11 nuclei at T'9 =2.5, ('n=l0- 5 ,.......,10- 1 gcm- 3
• In Table I 

we show the relative abundances of all proton-rich nuclei to their seed nuclei, 

their ratios being about 1 ~~ or less. In either case, we assume that one percent 

of the seed nuclei contribute to our processes, namely the abundance of the 

nucleus 0 at t=O, n(O) is one percent of the abundance of all seed nuclei. 
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1000 K. Ito 

Then the abundances of the proton-rich heavy nuclei can be obtained as a func

tion of time. 

Proton I 

-rich 
nuclei 

Table I. The relative abundances of proton-rich nuclei to the seecl nuclei.3l 

'j~In is rrssumecl to be produced by (j), r) and 19+-clecay processes. 

Seed nuclei in (j), r) 
reactions 

Proton 
-rich 

nuclei 

1
~~Te 

1
i,iXe 

1 ?,,~Xe 

1
~:;Ba 

1
~~Ba 

1
~~Ce 

1
~~Ce 

l 

I 

I 

Seed nuclei In (p, r) 
reactions 

1
~~Sn 

1
J~Ccl 

1
~~Te 

1
~iSb 

1
~~Sn 

1
?,~Te 

1
~~Sb 

1
~~Sn 

r;1xe 
1i;r 1

~~Te 1 ~6Sn 

1
~~Xe 

1
f,~Te 

1
~~Ba '6~Cs 

1
iiXe 

1
~~Te 

1
~~~Ba 

1
~1Xe 

1
~~Pcl I 

1 ~~Ru ~~Mo ~~Zr 1~8La 
•J7 

1
~;,Ba 

1
~~Pt 

1
~~0s 

1~~w 

1
~~Hf 

1
~~Yb 

1
~~Er 

1
~~Er 

Seed nuclei in (r, n) 
reactions 

192 Hl5 198 
19-1 1% Pt 

78 
----------------

--isu-188 n1o 
187 189 1 H:J0s 

7(i 
18~ J84 

183 1saW 
H 

I7u 178 rso 
Hf 177 17ll 

72 

170 172 17-1 
111 173 HoYb 

70 
1GH HiS 

167 HoEr 
08 

1fifi l ()~ 
lli7 noEr 

()8 

1ci~Sm 

0.013 1 
ci~Gcl 

0.032 r~~Dy 

I 0.041 ,

1 

~~~Dy 
I ' 

1 :1 

1 _~.030 _~

1 
~~~Er 

I 0.042 II 
1
~~Er 

I 

: I 

Proton i 

1 0.0016 1~ 
~---------------I, 

i 0.0006211 

I I 

1 o.ooo1s 

I o.o012 
I 

I -----I 

1 0.0018 1: 

I 0.001411 

I I' I 0.015 I 

I I 

I o.oo1o il 

-rich 1 

nuclei 1 

r~~Dy 

1~~Dy 

1~iGd 

1
~~Sm 

1
~~La 

~~~Ce 

1
i~Ce 

1
ci~Ncl 

1
66Pr \~~Ce ~~~La 

1
~i,Ba 

1
~1Eu 

1

~~Sm 
1

~~Nd 

1
~jGcl

1
~~Eu 

1
~~Sm 

1
~~Ncl 

1
~~Gcl 'ci~Sm 

1
~~Dy 

1
~~Tb 

1
~1Gcl 

1
~~Dy 

1
~~Gcl 

Seed nuclei m (r, n) 
reactions 

J 60 l!i2 1 (j.j 
101 J(j;J ouDy 

160 162 164 
lGl Hi:l 6GDy 

15-1 15fj 158 
155 157 1GoGd 

(j.j 

1-17 HD I 51 
J48 1uo 154Sm 

liZ 

~~~La 

1·!0 Jri~Ce 

11o Jri~Ce 

§ 3. Results and discussions 

0.011 

0.0055 

0.0091 

0.0020 

0.0022 

0.0014 

0.0062 

0.00079 

0.0017 

l

l 0.0011 

0.016 

0.00052 

0.0020 

0.016 

0.0009 

0.0025 

0.0020 

As shown m § 2, we divide the build-up process of the proton-rich heavy 
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Stellar Synthesis of the Proton-Rich Ilea·vy Elements 1001 

nuclei into two processes and evaluate their abundances. The time g1vmg rise 

to these processes, t, may be of the same order of magnitude as or shorter than the 

duration of the supernova explosion (1,...,._,103 sec). Therefore we obtain the 

abundances of the objective nuclei for 1 <t<103 sec. Our calculated results are 

summarized in Fig. 6 and are shown in Table II. Since these processes are 

considered to occur in the supernova envelope, one may assume that the density 

of other elements is very low (p$10-5
). 

Table II. Summary of our results. 

I -Tempera-

Process I ture 
. (in 109 °K) 

(p, r) 3 

Density 
(gcm-3) 

-----····----------!-·~------··· -------------------

(r, n) 2.5 

Time scale 
(sec) 

1st;<;; 103 

1 ~:::;: t :·;; 1 02 

1st~:::;;; 102 

Our results 
(see Fig. 6) 

Abund of 124Xe I38La 
and 144Sm are t~o low 
94Mo 1 
96R - 5 : small. 

u 2 
(observed value: 2.7) 

Abuncl of 74Se B4Sr 
and DBRu d~creas~ 
sharply with t. At 
t ~ 10 these nuclei are 
very low-abundant. 
13SLa ancl 144Sm are 
low-abundant. 

94Mo 
-=10-2 ·very "mall 96Ru . "' . 

74Se, S4Sr and 13HLa 
are hardly produced. 
Abuncl. of 138Ce and 
DSRu decrease sharply 
with t. 

196Hg and IDOPt are 
hardly produced. 
Almncl. of 1840s and 
180W decrease sharply 
with t. 

I04Er _158I)_v: 

162Er ' 156Dy 
large. 

Abuncl. of 19nHg de
creases sharply with t. 

Abund. of Dy is very \ 
low. 164£rjl62Er::::::: 300. 

(observed: 9/5) 
1 ::;; ts 102 15SDyjl56Dy::::::: 600. 

(ohserved: 10) 
Abuncl. of 196!-Ig de
creases sharply with t. 

Remarks 

Se, Sr and Ru can also 
be produced by p
capture process from 
58Ni.o> 

In addition to synthesis 
by the p-capture, 94Mo 
can also be made 111 

weak loops of the s

process chain.li 

In any case, 13GCe, I38Ce, 
La, Sm and Gel are 
hardly produced by 
( r, n) process. 
I64Er, I02£r, I5SI)y and 
I5GDy also be produced 
by (p, r) process. 

When T 9 =2.5 or 3, (!p=10.........,102 gcm- 3 and Pn=10-5 ,...,__,10-·1 gcm- 3
, there are 

the proton-rich nuclei having the possibilities produced by both reactions. These 

nuclei correspond to the ones such that the two reaction rates produced them 

are almost equal to each other (i.P 7 ~i. 7 n). 

Considering the ambiguity of the values of the reaction rates, we take 1 i~ Ce, 
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10 

1 Sc 

l0--1 

6 
rl 

10-2 
II 

-ii 
1\u 

Jli1£r 

C) 

u 

10 
~ 
~ 

'-;::) 

Ru o 
I'd 

§ 
~ 

10 .j 
< 

0 

/=20 X 

1o-

L____L_ _ ____[ __ ___t__ _ ___l_____,______j_ -~- - - _L_ ~ - -- ! -~---1 ~---- __L__ 

40 ·14 ·18 52 5fi (j() ()4 72 7ti so 92 96 

::\fculron 1iumlJLT 

® Abundances of proton-rich nuclei 

x Pp = 10 g cm-3, 1 :<;; t (;oec) ~ 102 (calculated abuncl.) 

c Pp=102 g cm~3, l~;:t (sec)::c-:;102 (calculated abund.) 

Se, Sr, La are hardly produced 

Fig. 6 (a). The abundances of proton-rich heavy nuclei3> and our results. The calculated 

abundances of proton-rich nuclei produced by (p, r) reactions. 

10 

1 

/"""-, 

~ 
11 Iu·--l 

iii 

10 :; 

10 1 

lU ' 

l:iG(e 

La 

Sm 

()2 ()(j 

l'rolon Illllllbcr 

X 

t -2 

7U 74 

w Abundances of proton-rich nuclei 

0 t;:J 

0 t-~10 

78 00 

x Pn=10-5gcm, 1~t(sec;~10~ (calculated abund.) 

c Pn=5X10-5gcm-3, 1:<-::t (sec) s102 (calculated 

ahuncl.) 

Fig. 6 (b). The abundances of proton-rich 
heavy nuclei3J ancl our results. The calculat
ed abundances of proton-rich nuclei produced 
by ( r, n) reactions. 

1
~~Ce, 

1
~~La, 

1
ci~Sm, Gd, 1

~~Dy, 
1
~~Dy, 

1
i!~ Er and 1

~~ Er as the products through 

both processes, and evaluate their 

abundances. 

In the case of the (p, r) reaction, 

the abundances of the proton-rich 

nuclei are mostly decided by the 

magnitude of A 1; in (14), and their 

abundances are almost constant for 

time t. However, the abundances of 

~!Se, ~~Sr and 1~Ru sharply decrease 

with t at large proton density (('71 ?:: 
5 X 10 gcm~ 3 ), and become low

abundant. In these nuclei, there is a 

probability that they may be formed 

through the successive proton-capture 

processes6
) from ~~Ni for Tg=0.5"'-"3 

and ('p=l0- 5
,...._, 102 gcm- 3 in the super

nova envelope. As 1
l~ In is the Z 

odd-N even nucleus, the last proton 

binding energy of 1 ~~ Sn is larger than 
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Stellar Synthesis of the Proton-Rich Jleavy Elements 1003 

that of 1 ~nn UP'( Clnn) > )'YP Ci,6 Sn)) ; hence 1,!nn cannot be produced by the (p, 

r) reactions. For this nucleus, it seems plausible to consider that the unstable 

nucleus 1 ~~Sn is produced by the (jY, r) reaction on 1 ~~Cd which has already been 

synthesized by neutron-capture and after the explosion of the supernova 1
~~ Sn 

is subjected to p'-decay to produce 1lnn. At T 9 =3 and ('p=10 gcm- 3 1
~~La is 

made from 1 ~~ Ba, but its abundance is lower than the observed one by about 

order two. 

In the case of the (r, n) reaction, the abundances of the very heavy proton

rich nuclei sharply decrease with time t. At Pn '> 10-5 gcm- 3 the abundance 

ratios among two isotopes C~~ Er/'~~ Er and 1
~~ Dy/~~ Dy) built by this process 

are in disagreement with the observed data. For 1
~~ Ce, 1

~~ Ce, 1
~~ La and 1

~~ Gel, 

it seems probable to consider that their nuclei cannot be produced by the (r, n) 

reactions but can be produced only by the (p, r) reactions. However, we have 

a number of uncertainties for the value of the reaction rates. For a last nucleon 

binding energy, there is some difference between the experimental values by 

Everling et al.7J and the values using the semi-empirical mass formula by Cameron.5
l 

If the error between these values is 1 Mev, the difference of the two (r, n) 

reaction rates using their values is of order two or three at T 9 =2.5'""3. Es

pecially, the calculated abundances of the nuclei for which the time dependence 

is very large are not so reliable, these nuclei being ;;;: Se, ~~ Sr, ~~ Ru, 1
~~ Ce, ~~~La, 

1
~ci Os, 1

~~ Pt and 1
~g Hg. 

Finally we shall consider the foregoing astrophysical conditions in which 

the synthesis of the proton-rich heavy elements takes place. In general the 

temperature continuously changes in any region. However, the effective temper

ature by which the (fY, r) or (r, n) reaction takes place is sharply determined, 

so that T 9""-'3 for the (jY, r) reaction and T 9 ~2.5 for the (r, n) reaction. When 

we conveniently take the two independent regions of different temperatures in 

which the formation of the objective nuclei by the (p, r) reaction is effective 

in the region of T 9 =3 and the formation by the (r, n) reaction is effective in 

the region of T 9 =2.5, it would not give us so different results from true ones 

in our case. Therefore we assume that about one percent of abundances of 

the heavy-nuclei which have already been synthesized by neutron-capture are 

mixed into these two regions and give rise to our process. It will not be al

lowed that the temperature changes with time and the two effective reactions 

successively occur at different temperatures. Here, basing on the shock-theory 

of supernova explosion,8
l the mass fraction to the total mass of supernova in 

the stellar layer being heated to T 9=3 is 0.01~0.1; meanwhile the ratio of the 

total mass in Galaxy to the ejected mass from the supernova is about O.l.ll 

Therefore it is considered, for example, that the heavy-nuclei existing in this 

layer would give rise to the effective (jJ, r) reaction at T 9 =3. 
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