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Introduction: 
Theoretical beta-decay study in nuclear physics

Theoretical approach

‣ (Configuration) Shell model:  
• K. Langanke, et al. → r-process (neutron-rich)
•  T. Otsuka, et al.
• A. Brown et. al.,

‣ Quasi-particle Random-Phase-Approximation (QRPA): 
• FRDM+QRPA (P. Möller, K.-L. Kratz, et al.) 
• HFB+QRPA (M. Bender, et al., others)        →entire region in nuclear chart
• DF3+QRPA (I. Borzov, et al.) 
• etc.

‣ Macroscopic approach 
• Gross theory (GT) (T.  Tachibana, K. Takahashi, M. Yamada, et al. )
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Beta decay : a weak interaction

‣ Half-life : essential quantity.  understanding nuclear structure (nuclear matrix element)

‣ Delayed neutron from n-rich nuclei : usage of atomic energy safety, r-process nucleosynthesis

‣ Decay heat from actinides :  usage for atomic energy safety

‣ Neutrino : neutrino-nucleus reaction, neutrino from nuclear reactor, etc.

Microscopic

Macroscopic

global calculation, half-life, delayed neutron, decay heat, neutrino, etc. 

→ light nuclei, double beta decay
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Nuclear β-decay and delayed neutron

Trans. Type ΔL Parity ch.

Allowed
Fermi 0 +

Gamow-Teller 0,±1
(0 -×-> 0)

+

1st 
forbid.

non-unique 1st 0,±1 -

unique 1st ±2 -

2nd 
forbid.

non-unique 2nd ±2 +

unique 2nd ±3 +

3rd 
forbid.

non-unique 3rd ±3 -

unique 3rd ±4 - 3

Table 1: Summary of delayed neutron νd obtained from the summation calculation. Directly-measured νd is also shown.
nth nfast n14MeV

233U 235U 239Pu 233U 235U 238U 239Pu 233U 235U 238U 239Pu
Brady &

England (1989) 0.97 1.78 0.76 0.90 2.06 4.05 0.68 0.70 1.09 2.76 0.38
Sum of

Pnexpi × Yi 0.68 1.70 0.72 0.62 1.65 3.77 0.62 0.64 1.16 2.51 0.51
Direct meas.
Tuttle (1979) 0.67 1.62 0.63 0.73 1.67 4.39 0.63 0.42 0.93 2.73 0.42

Table 2: First four Largest contribution of Pni × Yi for averaged number of delayed neutron νd. In each column, nuclide and number of neutron is presented. In the
last column, direct measurement of νd is presented.

1st 2nd 3rd 4th νd
233U+nth

137I, 0.117 89Br, 0.085 94Rb, 0.064 90Br, 0.057 0.67
235U+nth

137I, 0.219 94Rb, 0.178 89Br, 0.150 86As, 0.147 1.62
239U+nth

137I, 0.173 94Rb, 0.076 138I, 0.071 89Br, 0.048 0.63

Here, the coefficients are composed of the coupling constant
of the weak interaction and the physical constants as the mass
of electron, me, the light velocity, c, the Planck constant per
2π, !. The coupling constant of the weak interaction has two
types: the vector type as gV and the axial vector type as gA,
respectively. The integral is performed from −Qβ to 0 and Qβ
is the total (maximum) decay energy from the ground-state of
parent to daughter nuclei, or β-decay Q-value.

β

β

β

Figure 2: Schematic view of β decay and delayed neutron emission.

The delayed neutron is also an accompanied phenomenon of
the β decay. Figure 2 shows a schematic view of the β decay
and delayed neutron. In the β decay, a nucleus decays from
the parent state to the daughter states as shown in the figure.
If the neutron separation energies of the daughter nucleus, S n,
is smaller than the β-decay Q-value, Qβ, the nucleus can emit
a neutron with energy from 0 to Qβ − S n measured from the
ground-sate of the parent nucleus. Then the delayed neutron

emission probability is calculated by integrating from threshold
energy to the ground-state energy of the parent nucleus as

Pn =
C
λβ

∫ 0

−Qβ+S n

|M(E)|2 f (Z,−E)
Γn

Γn + Γγ
dE (5)

where C is a constant related to the coefficient in Eq. (4). The
decay width Γ is introduced to express a decay competition be-
tween neutron emission and gamma decay from excited states.

As shown in Eqs. (4) and (5), the nuclear matrix elements
and the integrated Fermi function is required for theoretical cal-
culation of the β-decay rate and the delayed neutron emission
probability. Regarding the integrated Fermi function, the nu-
merical values can be rather easily and precisely obtained. The
calculation of the nuclear matrix elements, is however, diffi-
cult because of a complexity of the nuclear many body prob-
lem with the complicated nuclear force. Historically, two type
of approaches have been studied: One is the ’microscopic’ ap-
proach currently known as the quasi-random phase approxima-
tion (QRPA). The other is the ’macroscopic approach’ known
as the gross theory (GT), discussed in the following.

3.2. Gross theory

The gross theory is constructed under a consideration that
the sum of strengths of the transition from the initial state to the
sum of the final states in the quantum mechanics. The β decay
also obeys such a sum (and an energy-weighted sum) rule. The
following is the general relation for the nuclear matrix elements
of the Fermi transition as

∫ ∞

−∞
|M(E)F|2 = 1

∫ ∞

−∞
E|M(E)F|2 = ±∆EC

∫ ∞

−∞
E2|M(E)F|2 = σC

2, (6)
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Delayed neutron probability

decay 
competition

Delayed neutron is 
a phenomenon 

accompanied with 
the β decay.
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f(-E): Integrated Fermi function
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Nuclear beta-decay and gross theory

D(E, �) : one particle strength function

4

Pn
`

`

`

H.K.,S. Chiba, Energy Procedia 71, 228 (2015)

K. Takahashi et al., PTP 41(1969)→Concept 
S. Koyama et al., PTP 44 (1970)→dn1/dε 
K. Takahashi et al., ADNDT 12 (1973)→GT1 
T. Kondoh et al., PTP 74 (1985)→BCS UV-factor 
T. Tachibana et al.. PTP 84 (1990)→D(E,ε) 
T. Tachibana et al., Proc. ENAM95 (1995)→GT2

The gross theory includes:
1. Strength function 
(sum rules are considered)
2. BCS pairing (simply)
3. Forbidden transition
4. Fermi-gas level density
(discrete treatment on the 
surface level)) 

1st forbidden

Parent

Daughter

No consideration 
with Pauli Principle

Fermi, Gamow-Teller, 
and 1st forbidden can 

be calculated.

|M�(E)|2 =
� �max

�min

D(E, �)W (E, �)
dn1

d�
d�

dn1

d"
: level density

Average treatment

Strength function of beta-decay Overview of gross theory

h. 第１禁止遷移

第１禁止遷移は ω = r, α, σ · r, γ5, σ × r, Bij に相当する。Bij は σおよび rから作られる
対称テンソルでトレースが 0のものであり、クロネッカーの δ記号を用いて

Bij =
(
xiσj + xjσi −

2

3
δijr · σ

)

である。もはやハミルトニアンの全てが交換しない。個々に見ていくと、運動エネルギーとの交
換関係では特徴的な点が見られる。原子核内の核子を３次元調和振動子だとしてみると、核子の
波動関数に（第１禁止遷移演算子の一つである）rがかかると、波動関数が一つ上および下のエ
ネルギー固有値をもつ波動関数の線形結合となる。調和振動子のエネルギー固有値は hνだから
IASから大雑把にそれだけエネルギーのずれたところに分布する。強度関数で言い換えるとΩr
に対応する強度関数Srは IASの上下に幅広い２つのピークをもった形になることが予想される。
Ωr が作用する原子核の現象として光核反応の巨大共鳴がある。これは Ωr とアイソスピンの向
きだけ違っている演算子によって引き起こされるが、そのエネルギーの中心が上記の hνの２倍
ほどとなっていて、類似の例として上記の考察の傍証となっている。
Ωσに対応する強度関数 Sσに関してもスピンの向きの変化分を除けば類似の予想ができる。
このように β崩壊強度関数が満たすべき条件が量子力学的な交換関係から導かれる。
原子核理論の観点ではこの核行列要素を微視的な立場から求める方法が望ましく、実際いくつ
かの核種では準粒子乱雑位相近似計算などで求める方法が考えられる。ただし模型依存の核力を
設定しなければならないことや（核力はクーロン力に比べてきわめて複雑な記述となる）、広い
核種領域に適用への精度の問題などがある。本事業では大域的核種領域で系統的に、ある程度保
証された精度で求める必要があるので、β崩壊の大局的理論と呼ばれる方法を採用する。これは
これまで述べた総和則に基づいた計算手法であり、次節で大局的理論の概要を述べる。

0.1.3 β崩壊の大局的理論

前節で述べた総和則によって推定した強度関数の振る舞いは、定性的にはかなり満足すべきも
のである。これをさらに進めて β崩壊を引き起こす陽子・中性子の単一粒子エネルギーにも総和
則が満たされるとして構築したのが β崩壊の大局的理論と呼ばれる手法である。
β崩壊は各中性子が陽子にかわる可能性を持っている。そこで親核中の各中性子強度関数を付
随させる。この単一粒子強度関数をDω(E; ϵ)と表す。ϵは中性子の単一粒子エネルギーである。
このDω(E; ϵ)に対して総和則を要請すると、フェルミ遷移に対して

∫ ∞

−∞
DF(E; ϵ)dE = 1

ガモフ・テラー遷移に対して ∫ ∞

−∞
DGT(E; ϵ)dE = 3

となる。第一禁止遷移に対して ω = rの例を挙げると
∫ ∞

−∞
Dr(E; ϵ)dE = ⟨r2⟩ ≈ 3

5
R2
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となる。これらは規格化された積分値を与える。エネルギーEに関するモーメントも求めること
ができ、フェルミ遷移に対して

∫ ∞

−∞
EDF(E; ϵ)dE = ∆EC

∫ ∞

−∞
E2DGT(E; ϵ)dE = (∆EC)

2 + σ2
C

ガモフ・テラー遷移に対して
1

3

∫ ∞

−∞
EDGT(E; ϵ)dE = ∆EC

1

3

∫ ∞

−∞
E2DGT(E; ϵ)dE = (∆EC)

2 + σ2
C + σ2

N

となる。第一禁止遷移に対しても同様にして得られる。
単一粒子強度関数はパウリの排他律を満たしていない。つまり β崩壊は娘核の基底状態よる低
いエネルギーには崩壊しないので、それを考慮しなければならない。そこで核全体としての強度
関数を計算する際に

Sω(E) =
∫ ϵn

−∞
Dω(E; ϵ)W (W ; ϵ)

dn1

dϵ
dϵ

とする。ここで
W (E; ϵ) =

{
1 ϵ+ E > ϵFn

0 ϵ+ E < ϵFp

であり、W によってパウリの排他律を表現する。上式のうち dn/dϵは中性子の単一粒子エネル
ギー分布の密度であり、ϵnϵpは中性子と陽子のフェルミエネルギーを表す。dn/dϵの具体的な表
式は文献 [4]のものを用いる。なお ϵn − ϵp = Qβである。
以下、最初に提案された大局的理論の単一粒子強度関数の関数形 [5]および現業の単一粒子強
度関数の関数形 [9]、f関数の関数形を示す。

a. 単一粒子強度関数の関数型（’Plain’型）

許容遷移であるフェルミ遷移およびガモフ・テラー遷移はアイソバリックアナログ状態（IAS）
付近に単一粒子強度関数のピークをもつ。ある付近にピークを持つ関数形としてはガウシアン型
などが考えられるが、いくかの試みの結果以下に示す修正ローレンツ型を採用した。[5]

フェルミ遷移に対する単一粒子強度関数は修正ローレンツ型

DF(E; ϵ) =
σC2 + γ2

π
· σC

2

γ
× 1

(E −∆EC)2 + (σC2/γ)2
· 1

(E −∆EC)2 + γ2

とする。また、ガモフ・テラー遷移も σCGT =
√
σ2
C + σ2

Nとして修正ローレンツ型

DGT(E; ϵ) =
σCGT

2 + γ2

π
· σCGT

2

γ
× 1

(E −∆EC)2 + (σCGT
2/γ)2

· 1

(E −∆EC)2 + γ2
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となる。これらは規格化された積分値を与える。エネルギーEに関するモーメントも求めること
ができ、フェルミ遷移に対して

∫ ∞

−∞
EDF(E; ϵ)dE = ∆EC

∫ ∞

−∞
E2DGT(E; ϵ)dE = (∆EC)

2 + σ2
C

ガモフ・テラー遷移に対して
1

3

∫ ∞

−∞
EDGT(E; ϵ)dE = ∆EC

1

3

∫ ∞

−∞
E2DGT(E; ϵ)dE = (∆EC)

2 + σ2
C + σ2

N

となる。第一禁止遷移に対しても同様にして得られる。
単一粒子強度関数はパウリの排他律を満たしていない。つまり β崩壊は娘核の基底状態よる低
いエネルギーには崩壊しないので、それを考慮しなければならない。そこで核全体としての強度
関数を計算する際に

Sω(E) =
∫ ϵn

−∞
Dω(E; ϵ)W (W ; ϵ)

dn1

dϵ
dϵ

とする。ここで
W (E; ϵ) =

{
1 ϵ+ E > ϵFn

0 ϵ+ E < ϵFp

であり、W によってパウリの排他律を表現する。上式のうち dn/dϵは中性子の単一粒子エネル
ギー分布の密度であり、ϵnϵpは中性子と陽子のフェルミエネルギーを表す。dn/dϵの具体的な表
式は文献 [4]のものを用いる。なお ϵn − ϵp = Qβである。
以下、最初に提案された大局的理論の単一粒子強度関数の関数形 [5]および現業の単一粒子強
度関数の関数形 [9]、f関数の関数形を示す。

a. 単一粒子強度関数の関数型（’Plain’型）

許容遷移であるフェルミ遷移およびガモフ・テラー遷移はアイソバリックアナログ状態（IAS）
付近に単一粒子強度関数のピークをもつ。ある付近にピークを持つ関数形としてはガウシアン型
などが考えられるが、いくかの試みの結果以下に示す修正ローレンツ型を採用した。[5]

フェルミ遷移に対する単一粒子強度関数は修正ローレンツ型

DF(E; ϵ) =
σC2 + γ2

π
· σC

2

γ
× 1

(E −∆EC)2 + (σC2/γ)2
· 1

(E −∆EC)2 + γ2

とする。また、ガモフ・テラー遷移も σCGT =
√
σ2
C + σ2

Nとして修正ローレンツ型

DGT(E; ϵ) =
σCGT

2 + γ2

π
· σCGT

2

γ
× 1

(E −∆EC)2 + (σCGT
2/γ)2

· 1

(E −∆EC)2 + γ2
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Required sum rules

IAS
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Theoretical models of masses and single-particle levels
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Here, the suffixes F, GT, 1V and 1A stand for the Fermi, the
Gamow-Teller, the vector and the axial-vector first-forbidden
transitions, respectively. The subscripts 10, 11, 12 for the shape-
factors indicate the first-forbidden transitions with rank 0, 1 and
2. These shape factors are described explicitly in (Konopinski and
Uhlenbeck, 1941) along with Fermi function F0. We used an
approximated form for aZ <1 where a stands for the fine-structure
constant and Z for the proton number of the daughter nucleus.

We can obtain the antineutrino spectra InðEnÞ by expressing the
right-hand side of eq. (4) in terms of the antineutrino energy En
based on the energy conservation Ee þ En ¼ Q b % Eexc and, then,
substituting the result into the right-hand side of eq. (2).

2.3. Composition of electron spectra

The energy spectra of the electron from 235,238 U, 239 Pu and 241

Pu samples under irradiation were calculated with eqs. (1) and (4).
The atomic number densities Ni in eq. (1) were obtained with the
aid of a Bateman-method code (Oyamatsu, 1997) and the decay
constants li and the decay chains were taken from JENDL FP Decay

Data File 2011 alongwith the fission yields from JENDL Fission Yield
Data File 2011 (Katakura, 2011). Hereafter we call these two files
together as JENDL simply.

The calculated results are shown in Fig. 1. The experimental data
cited here are from a series of extensive measurements by the
group of Schreckenbach et al. (Schreckenbach et al., 1981;
Schreckenbach et al., 1985; Von Feilitzsch et al., 1982; Hahn et al.,
1989; Haag et al., 2014). They measured the energy spectra of
electron from fissionable-nuclide samples under irradiation using a
spectrometer called BILL (Mampe et al., 1978) at the Institute of
Laue-Langevin except for the case of 238 U. Hereafter we call this the
‘ILL experiment.’ The time-lapse from the beginning of irradiation,
in accordance to which the number density Ni in eqs. (1) and (2)
were calculated here, is indicated in parentheses.

Table 1 shows the C/E values for the electron spectra at typical
energy points. Though the agreement between the calculation and
the measurement is not always satisfactory for the practical ap-
plications previously mentioned, it should be underlined that the
overall trends of the spectra are reproduced fairly well in the
absolute-value basis without any tuning of the parameters in the
theory. There seems to be two noticeable points in Table 1. One is
the fact the calculations are persistently larger than the measured
values over the whole energy range. This suggests that the over-
estimation might be related more deeply to the calculation of the
number of beta-decay events rather than to the individual spec-
trum shape of each FP nuclide. As for the calculation of the number
of the decay events, however, we have fairly rigid basis and expe-
rience of the data-and-method especially through the calculation of
the FP decay heat. This exact point invites us to a further investi-
gation where we treat the decay-heat data at very short cooling
times on the same basis as the reactor lepton spectra. Another is
that the overall trend of the C/E for 238 U is different from others;
that is, the C/E (& 1.1) is closer to unity and less dependent on the
electron energy. Considering that there had been a 25-years lapse
of time after the last 241 Pu measurements and that the neutron
source had changed from the ILL-reactor to the FRM-II facility, a
possibility cannot be excluded that some unknown bias exists be-
tween the new 238 U and the old 235 U and Pu measurements. Our
calculation supports the new one. Anyway the further improve-
ment of our prediction power is indispensable in order to draw a
definitive conclusion on the above two points at issue. The large
deviation seen above & 7 MeV will be discussed in 4.4.

In addition to this, another set of experimental data is available
(Tsoulfanidis et al., 1971). Though this measurement is rather old
and covers only the energy range up to 8.5 MeV for 235 U, it is also
an elaborative work and seems to be reliable. We call this the ‘UI
experiment’ after University of Illinois where the experiment was
conducted. As for the electrons with energy below & 7 MeV are
concerned, the present calculation reproduces fairly well both the
ILL and the UI experiments (Fig. 1). At a glance, our calculation still
continues to support the UI results even above 7.5 MeV. In all the
cases from 235 U to 241 Pu, however, the same kind of the very large
overestimation against the ILL data was seen above& 7 MeV as was
mentioned in the last paragraph. It is a puzzle that the UI curve,
which is quite consistent with the ILL curve up to 7 MeV, suddenly
deviates upward from the ILL one. In addition, it is not easy to
reduce our values there drastically so as to fit well the ILL data
within the uncertainty of the nuclear data used therein as we will
see in 4. Critical review of the ILL and UI data, and quite hopefully a
new independent measurement, are greatly helpful to resolve this
complicated situation.

2.4. Composition of antineutrino spectra

As far as a single level-to-level b-transition is concerned, the

Fig. 1. Comparison of the aggregate electron spectra from 235,238 U and 239,241 Pu
samples between the present calculation and the measurements. The data for 238 U
and 239,241 Pu were shifted downward successively by the factors indicated in paren-
theses for plotting purpose.

Table 1
C/E (calculated/experimental) values of the electron spectra from 235,238 U and 239,241

Pu samples at typical energy points.

Energy (MeV) U-235 U-238 Pu-239 Pu-241

2.0 1.18 e 1.25 1.28
3.0 1.22 1.11 1.32 1.29
4.0 1.15 1.11 1.29 1.24
5.0 1.08 1.07 1.24 1.20
6.0 1.01 1.11 1.25 1.26
7.0 1.12 e 1.29 1.46
8.0 3.75 e 2.38 2.91
9.0 16.2 e e 10.5

T. Yoshida et al. / Progress in Nuclear Energy 88 (2016) 175e182 177

antineutrino and the electron spectra are directly correlated each
other through the conversation of lepton energies under the very
good approximation of ignoring the recoiling effect of the nucleus.
These two lepton curves have their own broad convex shapes with
their peaks being shifted by 0.511 MeV each other corresponding to
the electron mass. These simple relations are no more valid for a
nucleus-to-nucleus decay because a decay of a nucleus is a heavily
composite, statistical sum of many transitions of various types and
with different energies. This is the reasonwhy the relation between
the antineutrino and the electron spectra is not straightforward and
gives rise to some difficulties in conversion from one to another. In
experiments what can be directly determined is the electron
spectrum only, because the detectability of neutrinos is extremely
low in comparison with electrons. Therefore, a complicated con-
version procedure is indispensable for obtaining the experiment-
based antineutrino spectra. This is why we dealt much with the
electron spectra in the present paper though what we finally need
is the antineutrino spectra.

The energy spectra of the antineutrino can be calculated by
using eq. (2) with Ini ðEnÞ obtained through the replacement of the
variables as mentioned at the end of 2.2. The calculated results are
shown in Figs. 2 and 3. The Schreckenbach's (Schreckenbach et al.,
1985; Von Feilitzsch et al., 1982) and Feilizcsh's (Von Feilitzsch
et al., 1982; Hahn et al., 1989) data plotted in these figures are
those converted from the ILL electron-spectra shown in 2.3 by the
authors themselves. In addition, are also shown two new spectra

from the recent conversion efforts (Mueller et al., 2011; Huber,
2011) based on the same ILL spectra. Comparisons concerning the
electron spectra (Fig. 1) and as for the antineutrino spectra (Figs. 2
and 3) can be recognized in a parallel way because these two cat-
egories of spectra are intrinsically related to each other in a way
described at the beginning of this subsection. Considering this, we
concentrate our discussion on the antineutrino spectra to two
representative cases, namely, for 235 U and 239 Pu. Figs.1 and 2 show
a similar conspicuous overprediction above 7.5 MeV both in the ILL
electron and the antineutrino spectra for 235 U. In the case of 239 Pu,
however, the overprediction by the calculation is relatively mod-
erate in both cases (Figs. 1 and 3).

3. Decomposition of antineutrino spectra

As is seen in Figs. 2 and 3, the main contributor to the anti-
neutrino spectra is the Gamow-Teller transition. This is followed by
the first-forbidden transition which covers 15% (around 2e3 MeV)
# 20% (above 6 MeV) of the emitted antineutrinos. These two types
overwhelm the Fermi-transition. Needless to say, this transition-
wise break down of the antineutrino spectra is almost the same
as the case of the corresponding electron spectra, which are not
shown in Fig. 1 so as to save the space.

Fig. 4 shows the number of FP nuclides contributing to the 235 U
antineutrino spectra at several energy points. As is easily expected,
the higher is the antineutrino energy, the smaller becomes the
number of FPs contributing to shape the spectrum. For example we
have to take more than 50 nuclides into account to cover 70% of the
antineutrinos having energy of 2 MeV, a little bit above the
threshold energy of the ne þ p/nþ e reaction; 1.8 MeV. The state-
of-the-art technology of the reactor ne detection is still based on
this reaction. Then, the number reduces to 10 at 8 MeV, the prac-
tical upper-limit energy of the detectability of ne based on the above
reaction. Here it should be noted that this kind of statistics depends
on the decay data assumed, or more specifically the b-strength
function of each nuclide. The gross theory strength in our calcula-
tions is expected to give us an overall good picture of the partici-
pating FP nuclides in a global sense.

Fig. 5 shows the decomposition of the 235 U electron spectrum
according to the Qb-values of the contributing FPs. It is noteworthy
that even the contribution solely from the nuclides with Qb ¼ 10 #
12 MeV exceeds the ILL data above 8 MeV.

The top 60 contributors to the 235U antineutrino spectrum
around the detection peak (4 MeV) are listed in Table 2. In reality, a

Fig. 2. Calculated antineutrino spectrum from 235 U sample and its component-wise
breakdown. For reference are shown three spectra converted from the electron spec-
trum measured by Schreckenbach et al.

Fig. 3. Calculated antineutrino spectrum from 239 Pu sample and its component-wise
breakdown. For reference are shown three spectra converted from the electron spec-
trum measured by Feilitzsch et al.

Fig. 4. Number of FP nuclides contributions to 235 U antineutrino spectra.
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‘Analysis of reactor-neutrino spectra fully based on the gross theory …’

T. Yoshida, T. Tachibana, …, S. Chiba, Prog. Nucl. Ener. 88, 175-181 (2016)
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• Gross theory of beta-decay is improved on the nuclear structure:
         Parity-mismatching is considered for the allowed transition

Conclusion

14

• Discrepancies of half-lives from experiments are systematically improved

• Programming codes is developed as a project on delayed neutron study

• Beta decay and accompanying processes are calculated with various versions of the 
gross theory.


