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APPLICA ION OF GAMOW'S THEORY OF «-EMISSION TO
(4n+1) RADIOACTIVE SERIES.«

By SUKUMAR BISWAS anp A. P. PATRO
(Received for publication, Sept. 15, 1918)

ABSTRACT. Gamow’s theory of a-emission is applied to neptunium (4qn+1) series.
The values of the assumed ‘‘nuclear radius’ ry are f'iund to vary irregularly as in actinium
(4n+3) series. A large drop of ry occurs in gRi?3 smilar to C-products of U, Th and Ac
series A complete calculation of ry values for all tﬁe members of U7, Th and Ac serics is
also included with their extension to transuranic fegion nsing latest experimental values.
Tt has been discussed that the existing theories of a-emission with angnlar momentum are
inadequate in explaining thesc irregular variations of 1, speciallv in the odd radioactive

series, It appears that the nuclear charge Z has something to do with the irregularities
of ro.

INTRODUCTION

Gamow’s theory of leakage of «-particles through a potential barrier
has been applied to three radioactive series known so long. The relation
between the disintegration constant A and decay encrgy E contains a term 7,
which is referred as “‘nuclear radius’’ on the assumption of simplified potential
field. This denotes the distance from the centre of the nucleus to the point
where the inverse square law of repulsion suddenly changes to a force of
attraction as assumed by Gamow. In reality, the fall of potential near the
nuclear boundary cannot be so abrupt; hut a calculation of r, from the
experimentally determined values of A and I are made to sce whether these
are consistent. 'I'he values of 7, are in general agrecement with the liquid drop
mode! of a nucleus (r,=R. A"]‘) for U, and ‘T'h series and less satisfactory
for Ac series. But abnormally low values of 7, are obtained for all the
C-products. Since Gamow’s work 7, values have been calculated by Bethe
(1937) and by Preston (1046, 1947) for U, Th and Ac series. Recently the
missing (4n+1) radioactive series has been identified by two groups of
investigators (Hagemann cf al, 1947 and English ¢! al, 1047). Further data
have been reported by Scaborg (1948). With these values of E and A it is
worthwhile to observe the consistency of 7, values for this series. The present
work is undertaken with this end in view.

Method of Calculation

The value of 7, is calculated with experimental values of decay constant A
and disintegration energy E. Various forms of the relations used by different

*  Communicated by Prof. M. N. Saha.
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investigators have been referred in a previous paper. Rigorous calculation of
transparency factor (Saha, 1944) and Laue’s (1929) semi-classical arguments
yield the relation

A= 1‘ (‘—‘H\' ‘e (I)
To
where v =velocity of a-particle relative to the product nucleus.

ro=radius of the product nucleus.

2k =__._____16W;(7‘ —2) (u,
1

} .
u,=cos™ ;é =cos™ 4021(;:";) .

Preston (1946, 1947) uses more complex expressions, deduced from

—sin u, COS u,).

complex cigen-function,

A=27 A tanu, —ox (20)
1o M+ tan‘u,
g= —tan u, lan (ukr,) .. (2b)
where p=(1— U/E,,)%
p = 271D
h

These equations are very sensitive to the small variation in the cxponential
1 tan u,

i = is not of much consequence. The
ne+tan® u,

term, so the additional factor

values of 7, calculated from relation (1) are given in Tables T and II. Preston
(1946) remarks that the additional term in (2a) gives a refinement in the valuc
of r,. 'The method adopted for solution of (2a) and (2b) is, however, not
referred. For the comparison of the values of, obtained from the two methods,
the latter cquations are also used in this work. Solutions of (2a) and (20) for
7, and p are done here graphically by assuming a new variable y=pkr,.
Two explicit relations of y and u, arc used to determinc their values
graphically. ‘These come out as

_ *(kR) sin u, cos u,

I B —r )3
27 an u, (1+tan® ue) ¢ —1
AR h 0 0

iH

I

S T ]”;

iR tan u, (1+tan® u,) e—1

From the value of wu,, 7, is calculated, and from 7, and y, p is calculated
which in turn gives the valuc of U.
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TabLg 1

1, values for (4n + 1) Neptunium radioactive series.

From relation From relation
(1) (2)
Nuclei Kain |vx107° A -
(Mev) |cm/sec sec !
rgX 1018 R X103 rgx 101 | R X 1018
cm. cm. cm cm.
g5sA M1 —> g Np27 5 <0 16601 | 4.40% 101 893 1.44 9.78 158
gaNp#T—>g,Pa233 173 1.540 | 9.78X 10715 9 9 1 48 9.79 1.59
92U4—> 00 T'h229 | 4.825 1.556 1.37 x 1078 0 06 1.48 9.65 1.58
90 Th?%—> R a2 | 485 1.561 | 3.18 x 1072 903 1.52 9.67 1.59
|
oA 225> g, T r 221 [ 581 | 1.708 | 8o0ox127 8.08 1.14 923 1.53
g 2> g AL217 | 6.31 1.782 | 231Xr107® 8 67 I 41 9.34 1.54
]
ssALZT—>gyB{213 i 7 023 1.880 | 33 891 1.49 .60 1 61
|
g Bitl—>5 T1209 5 86 118 | 315%x1078 713 1.20 743 1.25
s Po13—>5, PH209 1 8.336 | 2.049 | 1.52X1078 8.40 1.42 910 1.53
| !

TanLe 11

ro values for Th, U and Ac -scries.
(4n) Th-series.

From relation From relation
(1) (2)
Nuclei Eam |vxi0™? A
(Mev) | cm/scc. sec™!
roX101 | K x 108 | rgx 1018 | R x 1013
cm. cm, cm. cm.
— L. RN S, | S —
96Cm340—> — - 2.68 x 1077 — — — -—
90 Th#32—> g Ms'T'h 1222 3.92 1.400 1.58X 10718 9 90 1.62 10.01 1.64
goRATh% > g ThX 224 5420 | 1.656 | 933X109%| go3 149 9.33 1.54
8 ThX 44— I'1n220 5.681 | 1.600 | 2.2X1078 8.87 147 929 1.54
6 1 n320-—> ThANS 6.282 | 1.778 1.27X1073 8.91 149 9.28 1.55
s ThANE— g THBN? 6.774 | 1.847 439 8.6y 1.46 912 1.53

s ThC¥12—>5 Th( 268 6.054 | 1.746 | 1.75%1075% | 7.07 1.19

34 ThCM 2~ 5 Th D08 8.776 | 2.102 | 2.31x10% 8.65 1.46




542 S. Biswas and A. P. Patro
TaBLg 11 (contd.)
(4n+ 2) U-Series
l'rom relation From relation
(n (2)
Nuclei Fain |vX10™9 A
(Mev) |cm/sec. sec}
rgX 1013 fR x 1018 | ryx 1018 | R % 10"
cm cm. cm. cm.
94Pu®-—>, U123 5 496 | 1669 | 4.3g%x 10710 9.54 1.55 9.69 1.57
U354 UX, B 4.20 1.452 | 4.87x10°18 9.27 1.46 9.37 1.52
gaUT1234—5g1,230 176 1537 | 817X107H4 9.38 153 9 26 1.51
901¢?30—>ggRa?26 1 66 1530 2.65X 10718 9.20 1.51 9.26 1.52
wRa—>gRn2 4791 1.552 1.35X1071* | g 03 1.49 9.20 1.53
sgRn32—>gRaA® 5.48 | 1601 | 210%10 8 8.96 149 9.28 1.54
sRaA8—>4 RaB2M 5.908 1.738 | 3.77%X10 % 8.80 147 914 153
gRaC¥4—>gRaC”0 | 5502 | 1.664 | r.06X107™ 7.30 1.27 7.80 1.31
gRaCIU—>xRaDN | 768 | 1.966 | 4.62X10% 8.74 147 9.34 1.57
gy RaTia0—>g, T1206 4.87 1.556 | 1.60x10713 6.50 I 10 6.63 1.12
s RaF30—>g, RaG2E 5303 | 1.634 | 5.89x10 B 8.04 1.36 8.27 1.40
TasLy 11 (contd.)
{4n + 3) Ac-serics.
From relation T'rom relation
(r) (2)
Nuclei Eain |vX107? A .
(Mev) | cm/sec. sec™!
1gX 1013 | R x 108 | rgX 1013 | R X 1018
94 PuZ39—-, 1235 5.137 1.605 l 9 28x10712 9.52 1.51 10 13 1.64
9 UBE—>g UYL 4.36 1479 ' 3.19X 10717 8.97 1.46 9.55 1.56
9, Pa®l—>g,A 27 5.01 1.586 | 5.50x10713%| 838 1.36 8.18 1.34
soRAACHT—>gAcX 2 6049 | 1.743 1.02X10 1% | 258 128 8.56 1.41
ssACK 38> gAY 5.719 | 1.t95 | 2.86X10°7%* | 8,08 134 8.70 144
ssAn?9—>gAcA2IS 6.824 | 1854 | o124 % 8.20 137 8.90 1.45
uACAI—>gpAcB¥! 7365 | 1925 | 3.79%10% 8.65 145 899 1.51
s ACCH >3 A cC¥207 6.619 | 1.825 | 4.78X1073* | 765 1.29 7.90 1.33
84AcCRL—>g,A c D2 7434 | 1.934 | 1.39x10® 8.20 1.39 885 1.50

* Values of Aay (partial decay constant for o-group e-particles)
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DISCUSSION

A study of the 7, values for (4n+ 1) neptunium radio-active series reveals
the following features :

Firstly : The values of 1, do not vary in a regular way as required by the
rule 7o=R.A%. Such anomaly in 7, value is predominant in actinium series.
In fact the two odd series (4n+1)and (4n +3), behave in an irregular 'way
as regards the 7, values. On the other hand, two even series Th (4n) and U
(4n+2) show nearly regular variation of r,walues with the exception of
C-products. Calculation of r, are given ])yi;‘ Preston (1946, 1947) for well-
known members of U, Th and Ac series. Rekently these known series are
extended to the transuianic region and some of the experimental data have
becn revised. Soa complete calculation of ¥, valucs for all the members of
U, Th, and Ac scries are also included with ‘the latest experimental data.
These are given in Table II. The values for (jn+ 1) serics togcether with
thosc of U, Th aud Ac scries arc given graphically in Fig. 1. Ther,
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values of Np serics calculated according to both the relations (1) and (2) are
plotted on curves. These show that values obtained by relation (2) are
higher than the other values by a nearly constant quantity. The plotted
values of U, Th and Ac scries are those calculated from rclation (1). Ac
series shows a sharp regular fall to RAAc**" and then a rise in 7, up to AcA.
But in Np scries the irregularitics are not so wide.

Secondly : ‘The value of r, for 4Bi*' '—>,T1*"" is abnormally low. B

is the corresponding C-product of ueptunium series. It has been observed
that in U, Th, and Ac scrics therc occurs an abrupt fall in the value of 7,
in C—> (" disintegrations. ‘I'he valuce of 1, again assumes normal magnitude
in ('—>D disintegrations. Similar phenomena occur also in the (4u+1)
radioactive serics. It is interesting to note that . RaE®" which has been
recently observed to be «-active (Broda and [cather, 1947) exhibits
an abpormally low valuc of 1, in ,Ral¥*?" —> (/TI**" disintegration.
Thus all the «-active isotopes of ,,Bi show abnormal value of “nuclear
radius.”’

The drop in the values of 1, for the C-products and the members of the
Ac serics have been attributed by Gamow (1937) as due to cmission of
a-particles with angular momentum different from zero (I5F0). The effective
radius in such a case, as deduced by Gamow (1937) is supposed to follow the
relation :

Tell = T,™ —5 I:i—‘—*’ 1(1+ 1)
47*me*(z=2)

Allotments of I-values to different «-ray lines are rather arbitrarily made to
fit the experimental data. No quantitative treatment on the above line has
been found {o be satisfactory.

Emission of «-particle with angular momnentum /5o has becn treated by
Preston (1947). Calculations are made by him with the complicated rclations
for a few a-disintegrations having excited states. The method of calculation
is very round about and [ values are chosen arbitrarily to give a more or less
consistent value of 7, for diffcrent excited states for T'hC—ThC” and a few
others. On the whole, the problem of emission of a-particle with Is£o is at
present far from satisfactory.

As in the Ac series, the irregularities in 7, for the Np series is probably
due to cmission of a-particles with angular momentum different from zero.
The experimental observations on (4n+1) series are rather pieliminary.
Further investigations arc sure to reveal complex a-speclra in many members
of (4n+1) radioactive series. A detailed experimental observations are
required before any theoretical treatment 1s attempted. Since the irregular-
ities in 7, are found with the nuclei with odd mass number and in Bi which
is the first member in the even series having odd atomic number it is plausible
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that the even-odd property of a nucleus affcets the «-cmission process toa
large extent,

In this connection it may be mentioned that in U7 and Th series 7, varies

more or less regularly. However, the value of R = 1‘,./1—% is seen to be not a
constant but increases from lightest member to heaviest one in the series to
the extent of about 15%. ‘I'he rule 7, = RA} cannot be expected to hold
accurately over the whole radioactive scries hecause an increase in /7 increases
the Coulomb repulsion which tends to deécreasc the nuclear density, and
increase the nuclear radius. The simple gule would hold if the nuclear
binding energy contained the only term E=ad. BatFis given by the
expression ;

R 1? 72
,l‘,:(x""— - /'q 8 -
& AT
Hence with increasing 7/, R the average distance between the nucleons should
drift to a higher valuc. This is actually ohserved in the value of R calculated
from 7,. Present (1940) proposed the following formula for nuclear radius

after employing the corrections for N=EZ, surfacc temsion aud Coulomb
repulsion.

I* 72
1, =R.A = R*¥A} 14 0.8 VE —0.34-}+0.01 7‘”

In this relation R¥* in place of R should be constant for all members in the
serics. For two cxtreme members of U series, R varies from 1.55 to 1.36
from Pu®*®- >U I1** to RaF*'“—>RaG?"". With above relation, R¥* comes
out as 1.48 and 1.35. In case of Th scties R for Th*'*—>MsThI*** is 1.62 and
for ThC*“*—>ThD*** 1.46. The corresponding values of R¥* are 1.55 and
1.40. ‘Thus the proposed rclation is far from satisfactory. Although from
the very definition of 1,, the relation between 1, and actual nuclear radius is
rather vague, the above relation cannot account for the variation of R along
the radioactive series quantitatively.
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