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Abstract 

The isospin-forbidden neutron decay of the isobaric analog state in 208Bi has been measured, 
following its excitation via the 208Pb(3He, t)“*Bi reaction at 61.2 MeV. In contrast to the proton 
decay, which is direct, the neutron decay spectrum has a statistical shape. Its branching ratio is 
determined to be (37 f 3)%. The results suggest that the damping of the isospin impurity is fast. 
Therefore, neutron decay results mostly from the final stage of the damping process and does not 
contribute to the width of the IAS. 
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1. Introduction 

The natural line width, r, of the isobaric analog state (IAS) (TO = (N - Z)/2, T, = 

TO - 1) increases through the table of isotopes from around 20 keV in the tin region to 

almost 350 keV for the heaviest actinides [ 11. 
If isospin were a good quantum number, all energetically allowed neutron decay 

would require a change in isospin of AT = i and would therefore be forbidden. Several 

channels for the decay of the IAS in 208Bi are open for emission of light nuclei up to 

160. Some of these are again isospin forbidden and all are severely inhibited by the 

Coulomb barrier. 

Proton decay into low-lying neutron-hole states relative to the parent nucleus, on the 

other hand, is isospin allowed. It has been shown to be a direct decay process and the 

decay rate is completely determined by the single-particle decay width and the neutron 

spectroscopic factor [ 21. Thus, neglecting the gamma branch, proton emission would 

account for essentially all decay of the IAS in the case of good isospin. 

Experimentally, however, one finds that the proton-decay branch amounts to 20- 

70% [ 1 ] and for 208Bi, studied in this work, its value is (64 f 3) % [ 21. Thus one is 

led to conclude that either the IAS must have an admixture of T< = To - 1, which can 

be schematically expressed as: 

1 IAS) = d= T- 1 g.s.) + E 1 T,), (1) 

or that the quasi-continuum of nearby states has an admixture of isospin TO or both. 

It is through such an isospin impurity that the IAS acquires a spreading width by 

damping over underlying states and that neutron decay and, in the actinides, even 

fission [ 31 become possible. The amplitudes of isospin admixtures are small. Proton 

decay is slowed down by the Coulomb barrier and, in heavy nuclei, must proceed through 

tunneling. Anticipating that the missing decay proceeds through neutron emission, one 

infers from the comparable magnitudes of the proton and neutron branches and from 

their single-particle transmission coefficients that the square of the admixed amplitude, 

e2 , is on the 1% level. Thus, the hindrance of the proton branch acts as a magnifying 

glass through which the isospin-forbidden neutron decay can be studied. 

We report in this work on the first direct observation of the neutron-decay channel of 

the IAS. The interest is twofold. In the first place one wants to verify that the neutron 

branch indeed accounts for all of the “missing” decay. Second, and more important, one 

wants to measure the spectral shape which contains information about the time scale on 

which the isospin impurity in the IAS wave function damps out over configurations of 

higher complexity. In particular, it may answer the question whether neutron decay has 
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an escape width. In this case it would contribute to the natural line width of the IAS 

in addition to the proton-decay escape width and the spreading width. Otherwise it is 

to be considered as a de-excitation in the final stage of the damping process. Since any 

contribution to the natural line width is, through the uncertainty principle, connected 

with the partial life time of a process that depletes the initial configuration, neutron 

decay will not contribute to the width in the latter case. 

2. Experimental techniques 

The charge-exchange reaction 208Pb(3He,t)208Bi was used to excite the IAS in *O*Bi. 

A 61.2 MeV momentum-analysed 3He beam was obtained from the AVF cyclotron 

of the KVI. Tritons were detected in the QMG/2 magnetic spectrograph [4], equipped 

with a multi-wire drift-chamber focal-plane detector [ 51. The spectrograph was set at 0” 

where the differential cross section of the IAS has its maximum. The magnetically less 

rigid 3He beam was stopped inside the first dipole magnet. Apart from the tritons, only 

deuterons and singly charged 3He arrived at the detector. Clean particle identification 

18.0 17.0 16.0 15.0 14.0 13.0 12.0 

Excitation Energy (MeV) 
Fig. 1. Inclusive triton spectra from the 2osPb(3He,t) reaction at 61.2 MeV taken with a 5.4 mg/cm* target 
(top) and an 18.6 mg/cm* target (bottom). The shaded areas A through E indicate the 1.4 MeV wide 

intervals for which neutron spectra were projected. 
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Fig. 2. Time spectra obtained with and without gamma suppression through pulse-shape discrimination (PSD). 
The dark- and light-shaded areas indicate the adopted prompt and random intervals. The prompt interval corre- 
sponds to the range 0.6-9.5 MeV in neutron energy. The gamma contribution disappears in the prompt-random 
subtraction. 

was achieved by making two-dimensional cuts in the plot of the position along the focal 

plane versus the energy deposit in the backing plastic detector. The thickness of the 

latter was just enough to stop the 3He particles, but not the tritons and deuterons. 

Fig. 1 shows triton spectra for a thin (5.4 mg/cm*) and a thick (18.6 mg/cm*) 

target. 

The natural line width of the IAS in *‘*Bi is 232 keV [ 11. In the present coincidence 

experiment the use of a thick target resulted in a broadening of the IAS to about 800 keV. 

This disadvantage is offset by an increase in the prompt-random ratio and the count rate. 

Neutrons were detected in coincidence with tritons using the neutron time-of-flight 

(TOF) multi-detector setup EDEN [ 61. For our experiment 39 detectors were used 

in the angular range 75”-205”, each at a distance of 1.75 m from the target. The 

summed geometrical solid angle subtended by the neutron detectors was 398 f 16 msr. 

A figure showing the layout of the experiment can be found in Ref. [ 61 where the same 

experimental arrangement of the spectrograph and EDEN was used. More extensive 

details about the present experiment are given by Bordewijk [ 71. 

The time interval between beam bursts was 125 ns. TOF spectra, with any of the 
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neutron detectors as start and with the RF signal of the cyclotron as stop, are shown in 

Fig. 2, with and without gamma suppression based on pulse-shape discrimination. 

The adopted prompt interval covers neutron energies up to 9.5 MeV which is slightly 

above the maximum decay energy of the IAS (8.28 MeV). This enforces a lower cut- 

off of 0.6 MeV to avoid wrap-around. The width of the gamma flash is 2.4 ns. This 

determines the energy resolution to be FWHM = 30 and 400 keV for 1 and 6 MeV 

neutrons, respectively. 

3. Results 

The efficiency curve measured by Laurent et al. [ 61 for a threshold of 60 keV deviates 

somewhat from that obtained with the Kent State University code [ 81. We have applied 

the same threshold of 60 keV in our data reduction and used the efficiency curve of 

Ref. [6]. 

Since the IAS has I” = O+, its decay is isotropic and neutron energy spectra were 

obtained by summing those from all the 39 identical detectors. Spectra corrected for 

random coincidences are shown in Fig. 3 for the five triton energy intervals indicated in 

Fig. 1 (bottom). The middle interval, C, contains 90% of the IAS. All spectra appear 

to be essentially of statistical shape. 

3.1. Statistical-model calculations 

Calculations have been performed with the statistical-model code CASCADE [ 9,101. 

The neutron optical potentials of Rapaport et al. [ 111 were used to obtain the transmis- 

sion coefficients. 

Up to an excitation energy of 1 MeV in the final nuclei *07Bi and 206Bi the known 

levels and their spins were used for the calculations. At higher energies the level densities 

were derived from the back-shifted Fermi-gas formula. Values for the level-density 

parameters da = A/a and A have been tabulated by Dilg et al. [ 121. The value of A is 

less critical for the spectrum shape and has been fixed at 0.2 MeV. 

Fig. 4 shows that all tabulated values of da for odd-odd, odd-even and even-even 

nuclei appear to cluster along the same “universal” band when plotted versus the quantity 

Nph, defined as the sum of the numbers of particles and holes away from the closed 

N = 126, Z = 82 configuration. Using this definition, *“Bi and 206Bi have NPh = 3 and 

4, respectively, and a value for da around 18 MeV seems appropriate for both nuclei. 

A much better fit of the neutron evaporation spectra is, however, obtained for a da 

= 11 MeV, adopted for both *O’Bi and 206Bi. Calculated evaporation spectra are shown 

in Fig. 3 for both values of da. These curves represent the calculated neutron spectra, 

multiplied by the detector efficiency 161 and folded with the energy resolution. The 

curves for da = 11 MeV reproduce the experimental spectra for all five intervals A-E 

very well. 
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Fig. 3. Neutron spectra (histograms) for the five excitation energy intervals A-E, obtained by prompt-random 
subtraction. The solid and the dotted curves indicate calculations with the statistical-model code CASCADE, 

multiplied with the detector efficiency of Ref. [6] and folded with the energy resolution. 

3.2. Neutron spectrum of IAS 

The neutron spectrum from the decay of the IAS has been obtained by subtracting 

the estimated continuum contribution from the spectrum of interval C. This estimate is 

based on a least-squares fit of the contents of the five intervals with a background that 

is assumed to follow a straight line and with the contributions from the IAS distributed 

over the five intervals as A: l%, B: 4%, C: 90%, D: 4% and E: 1%. These ratios follow 

from a convolution of the lorentzian line shape of the IAS with its width of 232 keV and 

a gaussian smearing function, adjusted to reproduce the observed width in the singles 

spectrum (Fig. 1) . For the intervals A and B the 2n-decay channel is open, causing an 

enhancement of the corresponding spectra at low neutron energies, compared to those 

from intervals C-E. When these 2n contributions are corrected for channel by channel 
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Fig. 4. Systematics of the level-density parameter da = A/a as function of N,,h. defined as the sum of the 

number of nucleons (particles or holes) away from the shell closure at Z = 82, N = 126. The data points are 

from Dilg et al. [ 121. The point with da = 11 MeV for 207Bi, which gives the best fit to our data, is indicated 

by a cross. 

in a ratio that is derived from the CASCADE calculation, one finds that the In spectra 

for the intervals A, B, D and E vary only little. This justifies adopting their weighted 

average for the background in C. The resulting spectrum for the decay of the IAS in 

interval C is shown in Fig. 5. It has again a statistical shape and curves representing 

3000 
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Fig. 5. Neutron spectrum from the decay of the IAS, obtained by subtraction from the spectrum of interval 

C the weighted average of the intervals A, B, D and E as described in the text. The solid and dashed curves 
represent calculations with the statistical-model code CASCADE, multiplied by the detector efficiency of 

Ref. ]6] and folded with the energy resolution. 
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CASCADE calculations with da = 18 and 11 MeV are included. 

3.3. Neutron branching ratios of IAS and continuum 

Assuming isotropic emission of the neutrons, the neutron branching ratios for the 

intervals A-E and for the IAS are given, by: 

(2) 

From the efficiency-corrected total number of coincidence counts, N,, and the singles 

counts, Ns, recorded in down-scaled mode, the branching ratio can be obtained from 

4~ NC 
pl=-----. 

f&DEN Ns 
(3) 

The experimental neutron spectra were found to be well reproduced by a statistical- 

model calculation with da = 11 MeV after multiplication with the detector efficiency 

and folding with the energy resolution (Fig. 3). The true number of events in the 

neutron spectra, N,, must account for the neutrons below the adopted cut-off energy 

of 600 keV. They have been obtained for each interval by integrating the CASCADE 

spectrum, normalized to the data. 

Because the neutron detectors are arranged evenly over almost exactly half of a full 

circle, the assumption of isotropy is not even necessary. The branching ratio of the IAS 

is determined to be (37 f 3)%. The background has a significantly higher neutron 

branching of about 70% for all intervals. This higher neutron branching is understood, 

because all excitations in =O*Bi in this region, other than the IAS, have isospin (2’0 - 1) 

and will therefore favour the neutron channel. From an experiment at 81 MeV, slightly 

higher than in the present work, the Gamow-Teller Resonance has been estimated [ 131 

to account for about one third of the continuum cross section in the region near the 

IAS [ 131. Part of the inclusive (3He,t) cross section has been shown to stem from 

a quasifree pickup-breakup process [ 141, where the triton is accompanied by a fast 

proton. This process excites mostly low-lying particle-stable states in ‘07Pb. Our result 

indicates that the pickup-breakup cross section amounts to about 30% of the inclusive 

cross section in the energy region around the IAS. 

4. Discussion and conclusions 

4.1. Isospin mixing in a schematic model 

Any nuclear state [a( T, T,)) acquires an isospin impurity through the Coulomb inter- 

action. In a schematic model, comprehensively described by Auerbach [ 151, the effect 

is cast in the form of mixing with one single idealized state, the isovector monopole 

resonance, built upon the state a: 
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(4) 

Here N is a normalization constant. The derivations given in Ref. [ 151 are restricted to 
the ground state, but are valid without change to any state, by virtue of the Brink hy- 
pothesis [ 161. Using the notation of Ref. [ 151 the amplitude of the induced component 
ET’ in Eq. ( 1) is, in first-order perturbation theory, given by 

hT’ 

%’ -Ed 

where hT’ is a reduced matrix element. Taking a to be the IAS, one has (T = To r: 

(N - Z) /2, T, = TO - 1) , N and Z referring to the target ground state and one tinds 

Ze2 2T- 1 hr-1 

‘=--l = % T( 2T + 1) (EIMt__, - E,) ’ 

with hT-’ N 
II- 

$A2/3N’f2 . 

(6) 

The identical expression is obtained by evaluating the mixing amplitude of the IAS 
with the TO - 1 component of the charge-exchange isovector monopole resonance, 

(5) 

M(T- l,T- 1) =-&IT-L,T-1) 

x(T - l,T- 1 1 -j$‘(i)~_(if / T,T). (7) 

Although the latter is not identical with the To - 1 component of the IVM built upon 
the IAS, the isospin impurity of the IAS is usually discussed as an effect of the charge- 
exchange IVM [ 17,15,18,19,1]. 

In the same way any of the underlying quasi-continuum (To - 1) states, c, acquires 
an admixture of isospin To through its “own” IVM, that is built upon it: 

Ze2 1 hT 

ET = 53 (EM,,r -&I’ 
(8) 

where hT N &A213Z1f2. 
d- 

The energy splitting in the denominator is estimated as AE = ( 155A-‘j3 f 55T/A) 

MeV [ 11. Here the - sign in the Lane potential applies to the case of the IAS that 
acquires a component of lower isospin. The “grass” states receive a term of higher 
isospin and the Lane potential is positive in this case. 

For heavy nuclei (T large), the ratio between the squares of the To amplitude in the 
“grass” states and the To - 1 amplitude in IAS is just Z/N, when the Lane potential is 
neglected and smaller when it is taken into account. Evaluating both admixtures with 
the above expressions 7 , one estimates for ‘O*Bi a squared amplitude c2 N 0.03 for the 
IAS and N 0.02 for the underlying states. 

’ The expression of Ref. f IS], Eq. (56) for the Coulomb matrix element contains an error aad should be 
reduced by a factor 5. 
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Fig. 6. Picket-fence model, illustrating the mixing of the IVM (TO - 1) component into the IAS via the 

Coulomb force and the spreading over the quasi-continuum through a random matrix element. 

Schematically the spreading width of the IAS can be explained in a picket-fence 

model [ 1,201, illustrated in Fig. 6, where the IAS and the IVM (TO - 1) mix through 

their Coulomb matrix element and where a small random matrix element UMD connects 

the IVM to the TO - 1 “grass” states, c. In addition, the IAS can spread over the 

states c, also with a random matrix element UAD, through their 7’0 components. This 

time-independent picture involves a full diagonalization of this problem and is usually 

replaced by two separate diagonalizations, resulting in an expression for the spreading 

width [ 191 

1 r(E) 

S(E)=G(E-EIVM-AIVM(E))2+(~~(E))2’ 
(9) 

Compared with the usual treatment [ 191 in which only the spreading route via a 

(TO - 1) IVM admixture to the “grass” is considered, the “local” spreading width, 

r(E), must be generalized to include also the route via the induced isospin impurity 

of the “grass” states. This will not change the form of the strength function in Eq. (9). 

It is not clear how the relative magnitude of the random matrix elements UMD and VAD, 

which connect to the “grass” states, must be estimated. Under the assumption that they 

are equal, the effect will, neglecting the Lane potential, lead to a multiplication by a 

factor A/N of the usual estimate for the first route: 

T(E) = ;GvH). (10) 

4.2. Time development of the isospin impurity and decay modes 

It appears from the present work that the neutron decay of the IAS is fully statistical 

whereas the proton decay is direct. This result suggests that the time development of 

the IAS follows a hierarchy of exciton states as depicted in Fig. 7. 
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Fig. 7. Schematic representation of the time evolution and decay modes of the IAS. 

The proton decay stems from the normal isospin (TO) component of the IAS, which 
according to Eq. (6)) has a squared amplitude ( 1 - 6’) of about 0.97. The admixed 1 pl h 
(To - 1) IVM component, with a squared amplitude of E* % 0.03 can mix with nearby 
states, or alternatively the lplh TO IAS component can mix with them through their 
own isospin impurity. The subsequent time development then proceeds via an exciton 
hierarchy of npnh configurations towards the compound nucleus (C.N.) . 

At each stage of this chain neutron decay competes with the next step of the damping 
process. Of particular interest is the ~ssibility of a semi-direct emission from the lplh 
stage where, in analogy to the electronic Auger effect, a strongly interacting pair of 
neutrons splits up. One of them fills the neutron hole that was produced in the reaction, 
while the other escapes into the continuum. The signature of this process would be 
neutron decay into the low-lying seniority=1 states in *07Bi if the neutrons formed a 
Cooper pair. In the neutron-decay spectrum of the IAS, Fig. 5, this would correspond to 
energies between 7 MeV (E,= 1.28 MeV) and 8.28 MeV (decay to the ground state). 
For neurons that did not initially occupy time-reversed orbits, the Auger decay from 
the first stage will lead to seniority=3 states and its contribution to the neutron decay 
spectrum of the IAS is expected in the neutron-energy range 4-7 MeV 

Experimentally, no enhancement over a statistical spectrum shape is observed in the 
region where this nuclear Auger effect might show up. We interpret this fact as evidence 
that the damping process is fast compared to the decay branching out of the earlier 
np( n + 1)h stages of the exciton chain. 

In this picture the so-called “never-come-bag’ hypothesis is implied. The spreading 
width is determined by the partial level density of the 2p2h configurations, which 
act as doorway states. The approximate ( Ex) 3 dependence of the spreading width of 
the IAS noted in Refs. [ 21,1,203 is consistent with this hypothesis as indeed, in an 
equidistant-spacing model with level spacing g, this partial level density is given by 

P2p2h = &SJ3 [=I. 

4.3. Statistical-model &~~cul~t~o~s including isospin 

The statistical-model code CASCADE has the option [ lo] to treat isospin selection 
rules rigorously. Using this option, Fig. 8 shows two statistical decay spectra. The 
hypothetical case of unmixed isospin (bottom), where E*=@, is shown in the lower 
spectrum. It features the primary proton and gamma decay of the IAS. Neutron decay 
is forbidden. The top spectrum of Fig. 8 is still a hypothetical spectrum with a very 
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fig. 8. Statistical decay spectra for the hypothetical cases of unmixed isospin (bottom) and very smaI1 isospin 

admixture E* = 10m3 (top) in the IAS wave function. The vertical scales at the right-hand side refer to the 
proton spectra, those at the left side to the gamma spectmm (bottom) and the neutron spectrum (top). 

small value E’ = 10e3 of a (2’0 - 1) component in the IAS. This tiny admixture, at 

least ten times smaller than estimated in the present work, appears sufficient to bring 

the neutron-decay branch for statistical decay above 99%. It is therefore evident that 

the observed proton decay, with a branching ratio of (64 f 3)% cannot be a statistical 

process, but must be a direct decay. 

4.4. Level density parameters 

A remarkable result of the present work, and puzzling at first sight, is the small value 

da = 11 MeV that is required to describe the neutron evaporation spectra, where a 

value of about 18 MeV is indicated by the systematics as compiled by Dilg et al. [ 121. 

The tabulated values have, however, been obtained from low-energy neutron resonances 

and apply therefore to a region of excitation energy just above the neutron-separation 

threshold. Their extrapolation to the excitation energy of the IAS must be considered 

with some caution. 

Another source of information on the level densities that applies to the IAS region 

is provided by the spreading widths. As discussed in Subsect. 4.2, these scale with the 

partial 2p2h level density &,2h oc g(gE,) 3 . Here g = (6/&)a = (6/$)A/da [22]. 
The decrease in the tabulated level-density parameter a by almost a factor 2 around the 

double shell closure at 208Pb would, by virtue of the factor g” in the expression for 

P2p2hr be magnified to a dramatic dip of a factor 16 in the systematics of the spreading 

width. Instead, no significant deviation is observed from the general smooth increase 

with maSs and excitation energy [ 1,201. This observation has earlier been interpreted 

by JHnecke et al. [ l] as evidence that near the IAS excitation energy values of da of 
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about 10.5-l 1 .O are required in the Pb region. 

4.5. Conclusions 

The neutron branching ratio of the IAS decay has been determined to be (37 f 3) % 

and accounts, within the error, for essentially all the “missing” decay other than the 

isospin-allowed proton branch, which had been found earlier to be (64 f 3) % [ 21. 

The results of the present work confirm the hypothesis that neutron decay results 

from the final stage of the exciton hierarchy. It has no significant escape width. Neutron 

decay does therefore not give a contribution to the total width of the IAS. This point of 

view is strengthened by the interesting case of the light Sb isotopes, where the energy 

of the IAS is below the threshold for neutron instability. Nevertheless, the data on the 

spreading width follow the same global trend as function of mass, charge and excitation 

energy as in nuclei where the IAS is neutron unstable [23]. 

As indeed neutron decay appears not to add to the width, direct proton decay is the 

only contributor to the escape width, rt. 

Escape and spreading widths are through the uncertainty principle to be interpreted 

as inverse partial life times of the initial configuration and are therefore additive. This 

justifies a posteriori the usual procedure [ 1,21,20,23] of deriving experimentally the 

spreading width as the difference between the total width and the proton escape width: 

rJ =rtot-i-f. (11) 
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