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The radiative widths of the E1 transition through the ground isobaric analog states of 2"'T1
and 2Pb in 20'Ph and 2Bi, respectively, were determined from the cross section of the
(e,e’p) reaction. The results are 98 and 140 eV, respectively, after the correction for
the interference from the continuous part of the reaction. They correspond to an effective
charge of 0.56 and 21, respectively. The E1 matrix elements were determined and used for
the estimation of 8 matrix elements |i£“[%” | . The result is 0.055 in natural units (Z=c =m,
=1) for the f-decay X"T1(3sy/,™")—~ ¥"Pb(3p;/,™Y). In the case of 29Pb(2gy,,) — 29Bi(lky/,),
the result is 0.043, which is much larger than the theoretical estimate. For the E1 isobaric
analog states of the first excited state of 2?Pb in 29°Bj, the radiative width and the effective
charge were also determined to be 170 eV and 0.46, respectively.

I. INTRODUCTION

Measurements of the radiative strength of the E1
transition through isobaric analog states (hereafter
referred to as IAS) should provide a powerful meth-
od to study the spectroscopy of the relevant states.
The radiative width of a single level can be deter-
mined not only from the rate of the y decay of the
level but also from the cross section of the photo-
absorption, which is an inverse process of y decay.
In the case of IAS, the photoabsorption cross sec-
tion is almost equal to the (y,p) cross section be-
cause the neutron emission from the IAS is for-
bidden by the isospin selection rule.

When the directions of the scattered electrons
are not selected, the (e, e’p) reactions are mainly
dependent on the strong forward scattering of elec-
trons. The momentum transfer in this case is
equal to that of the photoreaction. Therefore the
(e,e’p) process is analogous to the (y,p), and then
the radiative width of the IAS can be obtained from
the (e,e’p) experiments, as well as the (y,p) ones.
From an experimental point of view, the former
experiment seems more convenient for beam han-
dling and for the determination of the dose of the
incident beam, efc.

The nuclei 2°°Bi and 2’Pb offer the two best
cases for studying matrix elements because these
nuclei can be well described as a single particle
or a single hole added to the double-closed core
208pp, In the case of 2°°Bi, the E1 radiative widths
for the transitions from IAS of the ground state
(£") and the first excited state (4*) in 2®Pb to the
ground state (37) are studied. All the related
states are well described by single-particle states.
In the case of 2*’Pb, the radiative width from IAS
of the ground state (3%) in 2°’T1 to the ground state
(37) is studied. Well-established single-hole

|eo

states are related in this transition. The level
diagram and single-particle estimates of the states
are shown in Fig. 1. ,

It will be interesting to estimate an effective
charge of these transitions as a ratio of the exper-
imental E1 matrix element to the theoretical sin-
gle-particle one, because its deviation from unity
reflects extra effects, for example, core polariza-
tion, etc.

The relation between the E1 matrix element and
the first-forbidden B decay has been pointed out by
several authors.'~® It has been difficult to extract
the components of the 8 matrix element from ex-
periments on the B8 decay. On the basis of the good
quantum number of isospin, a 8 matrix element [¥
can be estimated from the matrix element for the
analogous E1 transition after correction for the
lower-isospin contribution. Such an estimated ma-
trix element [T can be discussed in connection
with an ff value of the B8 decay.

The B decays 2°"T1 - 2°"Pb and 2°°Pb -~ 2°°Bi have
been theoretically studied by Damgaard and Win-
ther.® These transitions are analogous to the
above mentioned E1 transition, as shown in Fig.

1. Their theoretical matrix elements for [T will
be compared with the value estimated from the
present experiment on the y transition.

Ejiri ef al.>* estimated the E1 matrix element
of IAS in !'Pr with the *°Ce(p, y,)'*'Pr reaction to
compare with the B-decay theory and obtained a
reasonable result. In the present nuclei, the (p,v,)
experiment cannot be realized on a 2°°T1 target,
which is unstable. The detection of v rays from
this reaction in this mass region should be difficult.
In the present report, E1 matrix elements are de-
termined with the (e, e’p) reactions. The results
will be compared with the theory of the single-par-
ticle shell model to determine the effective charge
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FIG. 1. The level diagram for the relations of E1 IAS and 8 decay. The energy levels are indicated in units of
MeV. The single-particle configurations of the relevant states are indicated.

and to compare the 8 matrix element [7.

II. RELATED THEORY
A. E1 Transition Through IAS

The E1 radiative strength has usually been rep-
resented by the radiative width I', as follows:

T, =nTii;,
TE,=(161/9)(1/R)(w/c)e?M” |, 1)
[MY[2= 35 M1 )2= 25 IKFI9my, 16 |2 .

Hmg Kmyf

The E1 interaction operator 9, can be well ap-
proximated by

My =Y. 2)

When the related states are well described by a
particle or a hole, the E1 matrix element can be
calculated from the single-particle shell model.

%[(1 _,—i—)(V!”Yw [A),a,"ay

i}, 3)

M]u=<f

—§<Vlry1ulk>nbv1b7\]

where the indices p and » show that the matrix ele-
ments are taken for the single-particle wave func-
tion of proton and neutron, and @, (a,) and b,,7~ ®,)
are creation (annihilation) operators for a proton
and a neutron, respectively. The IAS can be ex-
pressed in terms of the parent state |P) as follows:

[1aAS) =[2(T +1)]™V2T_|P) ,

(4)
=[2(7+ 1) (a5 b5) P),

where T is the isospin of the ground state |f). For
the core-plus-single-particle or single-hole nuclei,
such as 2°°Bi and 2°"Pb, the related states can be
described as

I/ =a;7[0),IPy=b,"|0) for core-plus-single-

proton nucleus, (5)

for core-plus-single-
neutron-hole nucleus.

(6)

lf)=bflo>, IP> =ailo>

Based on the relations Egs. (3)-(5), the £1 matrix
element for the IAS of |P) in the core-plus-single-
proton nucleus can be reduced to



|

M}, (1AS) = [2(T +1)]"%/2 [(1 -%)(flrywlm,,

Z
+Z(f|rYw|P),,:l

=2+ 1)V flr Yy, | (M
= [Z(T + 1)]—1/2M17u (SD) ’

where M],(sp) is a shell-model estimate of the sin-
gle-particle transition. In Eq. (7), both matrix el-
ements for a proton and a neutron in the same
state are taken to be equal under the isospin inde-
pendence of the nuclear force. In the case of the
core-plus-single-neutron-hole nucleus, an analo-
gous calculation gives

M}, (1AS) = [2(T + 1)]"V2(P|rY | )
=[2(T +1)]"2 M, (sp) . (8)

From these results, the matrix element and the
radiative width in these nuclei can be described by

IMIYAsI = [2(T+ 1)]—1/2|MZp| ’
rfS=2(T+1)7'T,. ©)

If additional effects exist for the single-particle
transition, they are reflected by an “effective
charge” which is defined by

€eff= [Z(T + 1)]1/2|M17ASI /[Msypl
=[2(T+1)TPS /T 2. (10)

B. Matrix Element of the First-Forbidden
B Decay

The matrix element for B8 decay is related to the
ft value. The relation for the present nuclei is
given by the £ approximation,

ft =6250/[1M(0)|2 + | M(1)?]
M©O)=x, f s - ig)\“j exi _ 1)

MQ)= f& it ff y: Iaxf .

Damgaard and Winther® calculated the matrix el-
ements using a well-defined single-particle wave
function with a correction for the radial dependence
of the electron wave function. If the experimental
value of “[¥” is obtained, the “effective 8 charge
for gy” is defined as a = “[#”/(“[#”),, similarly to
the El-transition case.

Separate determination of “[¥” from the S-decay
experiment is difficult. Fujital'? suggested a pos-
sibility for determining [¥ from the E1 matrix el-
ement through the IAS. In this case, /¥ does not
include the correction for the electron wave func-
tion. Based on his discussion, the relation is in-
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troduced as follows:

ff

DI IE, TR R
mg

=% P2 | £y, 7-1P)]2 (12)
s My

The state |f) is an eigenstate of T; therefore
T.|f)~0. By using this approximation and Eq.
(4), the following relation is obtained

Yy, TPy =f lrY,, T-|P) +{f|T 7Y, | P)

=[2(T+1) 2 (f|rY,,|1AS).
(13)

Therefore, the relation is expressed by
jf = [2(T + 1)(an/3) 12 M7, . (14)

III. EXPERIMENTAL ARRANGEMENT
AND RESULTS

Self-supporting metal foils of 2°"Pb (92.4% en-
riched, 5.9-mg/cm? thick) and 2°°Bi (100% natural
abundance, 6.9-mg/cm? thick) were bombarded by
the electron beam from the Tohoku University lin-
ear accelerator. The energy distributions of pro-
tons from the (e, e’p) reaction were measured for
each run with a broad-range magnetic spectrom-
eter at 6=125.3°. Examples of the results are
shown in Fig. 2. The position expected for p, with
the maximum end-point energy and that of p,
through the ground IAS are shown by the dashed
and solid vertical arrows, respectively. The main
proton yields seem to correspond to those leaving
the residual nuclei in excited states, especially in
the case of the target nucleus 2°°Bi.

The yields were determined from the total num-
ber of protons of E,> 7.4 MeV for both nuclei. The
contribution of the lower-energy protons was prob-
ably smaller than 15% and it was neglected in the
present result. The number of bombarding elec-
trons was measured with a secondary-emission
monitor and a core monitor. The electron energy
was changed by 100- or 200-keV steps. The re-
sulting (e, e’p) differential cross sections at 6
=125.3° are shown in Fig. 3. The theoretical po-
sitions of IAS are indicated in the figure accom-
panied with the single-particle configuration. They
are in good agreement with the experimental re-
sult.

Neglecting small cross sections for large mo-
mentum transfer in the reaction, the cross sec-
tion of the (e,e’p) reaction can be expressed in the
virtual-photon theory™? as

E,
o(e.e,,)(Ee)=Cf ol mEWNE,ENE ,  (15)
1]
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FIG. 2. Examples of the proton energy distributions.
The positions expected for the maximum end-point ener-
gy of the protons are shown by the dashed vertical ar-
rows. The solid vertical arrows indicate the position of
o through the ground IAS.

where 0(,, ,)(E) is the photoproton cross section,
N(E,E,) is a virtual-photon spectrum associated
with an electron of energy E,, and C is a constant
depending on the experimental conditions. The
virtual-photon spectra are continuous up to the en-
ergy E,, similarly to those of the bremsstrahlung.
Therefore, the cross section of the (e, e’p) reac-
tion is analogous to the photoproton yield curve ob-
tained with bremsstrahlung If 0(y,,) includes a
sharp resonance °<7 » at E, rising above a con-
tinuous cross section, the incremental cross sec-
tion Ao, .»)(E,) appears as follows:

AG, oip(Ey) = CN(E,,Ee)f 0. dE . (18)

This equation indicates that Ao, .,)(E.) shows a
shape proportional to N(E,,E,). This causes a
sudden increase in 0, ,,)(E,) at E,. In the pres-
ent mass region, the resonance width of IAS is or-
dinarily about 250 keV,? which is small enough for
the application of Eq. (16). Then the integrated
cross section of the resonance [a(y,,dE can be ob-

FIG. 3. Cross sections of the ?"Ph(e,e’p) and
209Bi(e,e’p) reactions at 6=125.3°. The positions of the
IAS are shown by arrows.

tained by

1 Al ,e'p) (E )
J etndE=G G

The analysis can be applied to the differential
cross section as shown in Fig. 3. Continuous parts
of the cross sections were determined by extrapo-
lating the lower-energy side as shown by the bro-
ken lines in the figure. The increment A(do, .y /
dQ2) was obtained by subtracting this continuous
part from the cross section. Using a relation sim-
ilar to Eq. (17), the integrated cross section
Ildofy, 5y /dUdE was calculated. The constant C
was determined by both geometrical calculation
and normalization to the 2H(e, e’ p) and *C(e, e’p)
experiments. For N(E,,E,), the equation for the
E1 interaction for point charges was applied.®

The angular distribution should be well described
by I(8)=A + BP,(cos?0) for the protons emitted
through E1 IAS. Based on this angular distribu-
tion, 7(125.3°) =A holds, and the total number of
protons integrated over all angles can be described

by

. am)

j I(0)dS = 47A
=47I(125.3°) . (18)
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Using this relation, the integrated cross section
J ofy' »dE was calculated from the present differ-
ential cross section as follows:

R
f a&,de=41rj[i(%—"’)]ms LE (19)

The 1ntegrated E1 resonant-absorption cross sec-
tion [o, RdE is related to the radiative width of the
resonance I“R by*°

J' o} dE= (nX)? %‘}&% Tk (20)
Neutron emission through E1 IAS is forbidden by
the isospin selection rule; therefore, the related
photodisintegration is mainly the (y,p) reaction.
We assumed o} =of; , and determined I'} by us-
ing Eq. (20). The result is shown in Table L

An effect from interference between the IAS res-
onance and the giant-dipole resonance is discussed
in the Appendix., Based on this result, the ratio
of the integrated noninterferent cross section for
the IAS [ o(IyAE)dE to that of the interferent-reso-
nance [of,, ,dE is given by

1 1/2
=1+2n[1¢<1+7]> ],

%ﬂriASO(GyD,p) (E1as)
’
JoR (v,p)dE

?,'=0,];D(y,p) (E[AS)/O'(G)]'?p) (Bras) -

IAS
0(y, ) 4E

R=
fo(y.p) E

n=¢cos*(¢p~ P

From the relation (20), this ratio is also equal to
the ratio between the noninterferent radiative
width T')*® and T'}; i.e. R=T}'%/T}. The width
s was est1mated from this ratio. In the actual
calculation, the phase difference ¢p— ¢a5 is ap-
proximated as zero. As discussed in Ref. 4, this
approximation should be reasonable. The total
width of the IAS, I'*S  is chosen as 250 KeV.? The
0y »)(E,) was estimated from the increment of the
continuous part of the (e,e’p) cross section in the
vicinity of the IAS using approximately the photon
difference method. The factor ¢ was roughly as-
sumed to be

TABLE I. Radiative widths of E1 IAS in 2"Pb and 299Bi.
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I+l
£=(2Jg+1) 2 (2J,+1) .
Jp=Jdf=1
The result for T4’ is also shown in Table I. In

the table, the errors include statistical uncertain-
ties only, and some additional systematical er-
rors should be included, mainly based on the un-
certainty of the values of the parameters in Eq.
(21) for I";,AS. The systematic errors are difficult
to estimate exactly, but may be less than 30% in
usual cases. The table also shows the experimen-
tal single-particle radiative width estimated as
2(T'+1)T}*° using Eq. (9). Then it shows the ratio
to the Weisskopf unit and also to the single-parti-
cle radiative width, which was calculated with a
wave function using a diffuse potential and includ-
ing a spin-orbit interaction.!*

IV. DISCUSSION

As shown in Table I, the experimental radiative
width indicates some hindrance effects in the E1
transition of the non-spin-flip type; i.e., 3s,,,™*
—~3py5 " in *¥"Pb and 1i,,,, ~ 1ky,, in 2°Bi. How-
ever, in the case of an E1 transition of the spin-
flip type; i.e., 2gq/2~ lhg/, in **Bi; a large en-
hancement is found. Usually the theoretical E1
transition probability can be represented by a mul-
tiplication of two factors, a radial part and a sta-
tistical factor S,'? as follows:

41
Tt»f 9ﬁ< > (f fy(R 7d7’> S(]uL Jf)

The factor S is of the order unity in the non-spin-
flip transition, but it is less than & in the spin-
flip case. As this factor reduces I'y; in the latter
case, a large value of 2(7 +1)T IAS/I‘ results in
the present case. If the ratio is taken to the Weiss-
kopf unit in which the spin dependence is ignored
(S=1), the results are nearly equal for all the
cases, as shown in Table I. From the above com-
parison, the 2g,,~ 12,,, transition includes either
a surprisingly large enhancement of the single-
particle transition or some different modes which
appear to be spin independent.

(22)

The errors include statistical uncertainties only.

T1AS
Ground E, r} rias 2T +UTPS 2@ H)L— 2T+ 1)_L
Nucleus state IAS (MeV) (eV) eV) (keV) W Tsp
20'pp F @y FBsy,™  19.6 16050 9830 4413 0.25+0.08 0.32+0.09
20983 F(ryy) ¥ (2gy) 18.7 18020 14020 6.3+0.8 0.40+0.05 430+ 55
20984 F(hyy) Y (i) 19.5 22030 17020 7.6+1.0 0.43+0.06 0.21+0.03
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TABLE II. Matrix elements and “effective charge”
for the single-particle E1 transition.

Matrix element
States (F)
Nucleus Ground IAS  |MI4g] 1z eesf

3sy,~1 0.11+0.02 1.5%0.2 0.56+0.08
289,  0.142£0.02 2.0£0.2 21x1
0.15+0.02 2.0+0.2 0.46%0.03

20Tph  3p
29Bi 1k,
M9Bi lhg, iy

An exact E1 operator is expressed by:

eM,, =erY,, _%fngcz—w &x¥-[grad(rY,,)]. (23)
The matrix element of the second term is about
107! of the first term for the present spin-flip tran-
sitions. Therefore it is difficult to explain the
large enhancement by the higher-order term of the
interaction.

The effective charge e.¢; is estimated with Eq.
(10) as one kind of spectroscopic factor in the E1
transitions. The result is shown in Table II ac-
companied with the £1 matrix element |[M},5|. In
the non-spin-flip transition case, e.¢; is about 3
which is reasonable to expect from core-polariza-
tion effects.

The present experimental matrix element IMf/As|
was used to estimate the corresponding 8 matrix
element |/F| with Eq. (14). The results are also
shown in Table II. Under the assumption that the
effect of the radial dependence of the electron
wave function is equal to the theoretical one dem-
onstrated by Damgaard and Winther,® the experi-
mental value of the exact matrix elements |“/7”|
can be estimated from |/¥| multiplied by their
theoretical ratio “[¥”/[T. The B matrix elements
[¢£“[¥”| are compared in Table III with their the-
oretical single-particle values calculated from the
same wave function as for the I'y, in the present
paper. Damgaard and Winther also determined
the value “J#” for the best fit to the experimental
ft value using their theoretical matrix elements.
They estimated two possible “effective B charges
for gy,” a=0.60 or 0.30, defined as the ratio to
their single-particle matrix element. The estima-

K. SHODA et al.
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tion of the “effective B charge” a can be made
from the present experimental matrix element.
The values obtained in the two different ways are
compared in Table III. In the case of 8 decay of
20"T1, the present value agrees well with one of
their values (¢=0.60). Based on their analysis,
this value corresponds to the “effective B charge
for g,” b="“[ExF7/(“[Ex F7),=0.57.

In the case of B decay of ?®Pb, “[#” cannot be
discussed exactly in relation to the f¢ value, be-
cause the ft value is mainly determined from the
matrix element of order zero, |M(0)|, even though
the matrix element |i&“[¥”|is considerably en-

hanced, as in the present experimental result.
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APPENDIX

The effect of the interference between the reso-
nance of the IAS and giant-dipole (GD) resonance
was calculated in a way similar to the case of the
(p,v) reaction.**® Neglecting a contribution from
compound processes, 0(,,,) can be approximated
as

U(y.p):K2|A5AS+;A?'IZ

=K°[ATSP+25|AP 12 + 2 Re@@}°ATT)],
&t
(A1)

where K is a kinematical constant, The noninter-
ferent cross section of the IAS, 0(4%,); the cross
section corresponding to the interference, o, ,);
and the photoproton giant-resonance cross section,
0y 4, are defined as follows:

R _ _IAS F
)= 9%t 9(y,0) »

TAS 2| pA1AS |2
0()’.1’)=K 'AJ l )

F 9K? IAS 4 D ¥
O(y,» = Re(4;°A7 ),

O(Gy?pﬁ;oe’(y,p) =Kz§ [AD.12,

(A2)

TABLE III. Comparison of the matrix element |i¢“[7”’| in natural units (F=c =m,=1) and the “effective B charge for
8y, a, for the first-forbidden B decay. The errors include statistical uncertainties only.

Theory
Decay scheme Present experiment (Ref. 6)
P s lage 77| a [s£ 7| a
201T1(3s4,,2) 20Tph(3p4/,~") 0.055+ 0,007 0.560.08 0.099
0.60 or 0.30
209Dh (2g/5) 20981 (1hy)5) 0.043+0.004 211 0.0020
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where o 2yy, "z =K?|A%?. A resonance type can be in the vicinity of the IAS
applied for AYS and A2.:
0IAS 9
KAS = (7,9)
s (TIASTIAS/24 19125 (0055, (Eras)]/? TS
= : ,
(E —Eq) +2iTHS (A3) X [(E = Eqpg)e’ @1AS+ /D) LTIAS i d1as]
B, = (LoTyre'® KA =103y, (Eug) 2! o0 (45)
;TP .
(E -Ep)+3i =[£0f , (Eras) 250D
From Eqgs. (A2) and (A3), the following relation t= 03(7'”(5‘“5)/0?;3_”(1«:“8) ,
is obtained:
IAS D . .
1ASTIAS\1/2 _ LpIAS[ -JAS 12 where I« I'y is assumed. The interferent part
KTy = 2000t (B 1as) 2. (a4) 0y, ) can be described from Eq. (A2) by using Eqgs.
Using Eqs. (A2) and (A4), Egs. (A3) are expressed (A5).
J

JAS [g (‘/.P)(El )] 4 e[(E-EIAS)ei(¢IAS“¢D*"’2)+%I‘{Ase"(‘”IAS"”D)]

Oy.p) =O(yn)
Vs Ve I(I;Sp)(EIAS) rIAS
o E
'OI([;?M[ (Y'P)( IAS)] [(E - Enps) sin(dp — dras) + 2T cos(dp — das)]. (A6)
o135, Byas) TIAS

Integrations are performed by considering that 0(7 ,) is an even function and the first term in Eq. (A6) is
an odd function of (E — E;s5). The results are

j Ol(y »)AE = ZWFMSU?Iy ) E1as) (A7)

R AS
f"(m)dE: J‘ol(y',,)dE +J UI(Fy.de

{1 2[5—(1/&)(]3—1&2] COS(¢D_¢IAS)}J‘GI(/§’S.P)dE

TAS
0(y,5)E1as)

D (g 1/2
={1 + 2[§ (2/77;(‘1.:)};?:5) ] cos(¢p - ¢IAS)}J oy o) dE . (A8)
(y, p)

Equation (A8) can be solved for [o}3dE/[of; »dE =R, and the following result is obtained:

AS 1/2 1 _IAS _GD
R:M:l.',z'n{ili(l +\l> ] n=€c052(¢D_¢IAS) zﬁrt O(Y.P)(EIAS) . (Ag)
Job,, »dE n Job,, »dE
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