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ABSTRACT

The photon spectrum from stopped n~ absorption on 2 9.Bi was mea- -
sured in the 50-150 MeV region with a high-resolution pair spectrometer. ‘

The total radiative branching ratio is 0.98+ 0.10%. Transitions to the

09Pb are weak, in agreement with calculations

single-particle states of
209

~presented. Considerable trans1t1on strength is observed to states of
- at 6-16 MeV excitation w1th ev1dence for a narrow peak at 7.9« 0 4 MeV.

Present evidence favors the 1nterpretat10n of this as. excitation of the ana-

log of_a T, giant quadrupole resonance at ~ 26 MeV in 209



I. INTRODUCTION .

Althéugh it is now established® that the photon speétra from aBsorp- .
: o , ‘
tion of negative pions on light nuclei provide a quantitative probe of nuclear
structure, only scant information éxistvs oﬁ he‘a’.’\}y _nuclei‘.- The single
measurement for nuclei with A > 70 was perforrhéd.by Petrﬁkhin and
Prokos.hkin2 who, uéing a natural Pb target a.rid_ avéere_nlr(ov total-absorp-
tion photon deteétor,_ measured a radiative va.'anchi.ng ratio for bstopped-n'
absorption ofA 2.1+ O.S“/o’Q Neither the shape of the .photon _spé'ctrum nor
any specific nuclear structure features were dét'errrlline‘d. Measurements
since then on light nuclei have shown! that (m7,y) réactions on T =0 target
nuclei W1th pvivons in 1s or 2p atomic orbits induc-e stréng' and selective
excitation df nuclear (T =>1‘, TZ = +1) spin-isospin g'_iaﬁt dipole vibrations
as well as giant magnetic dipole states. It has also been pred.icted theo-
re'cica,ll“y3 t_hat for pidn capture. from £=1 orbits, giant quadrupole excita-
tions are favored. I‘n-’vie‘w. of these results, a High-f.esqlution measure-
ment on a selected h.evav.y nucleus seemed désii‘ab_lé to determine (1) Va‘n '
agcurate radiative branching rat.id‘ and the genéral shape of the phbton
Spectrum (fqr an isbtopic'ally pﬁré target) aﬁd, (2) if -é.dditional evidence
on excitation of gianf electric mulltipolves an’d ;nagnet_ic ciipole states could

‘be found for nuclei with large T, (43/2 for 2%

of larger £#{(£=3 and 4 for 209Bi).,' Additional theoretical motivation for

Bi) and pion capture orbitals

the choice of 209Bi is the existence of highly pure single-particle states

209 209Pb, the observation of which would detbermine the basic

in Bi and
single~-particle transition rates in heavy nuclei. With a resolution of 2
MeV (FWHM) these states cannot be clearly resolved; however, a com'pvar=

ison with summed theoretical transition strengths is still quite‘informative.,



II. EXPERIMENT

The experiment was performed using t.he e bearn ef the Lawrence
.B‘_e'rkele}'r:Laboratory 184-inch cyclotron. A ﬁ-’ beam of. 190 MeV/c was
brought to rest in a metaliic Bi plate (17.1 X.1'4.0 X 0.32. cm) oriented 45°
~ to the beam. Typical rates in the eXperimentAwere 104(1r‘s/sec)/(g/cm2)
stoppfng in the target. The photons were detected in a 180° pair- spectro-
meter4 employmg a 3% (0. 22 g/cm ) rad1at10n length gold foil converter.
The momenta of the electron-pos1tron pairs are _d_etermmed by magnetic
analysis w1th coordinates given by three wire sPé.rk chambers with a total
of 12 wire planes requiring 21 magnetostrirctive,wi’re delay line readouté.
A PDP-15 computer was used on-line to monitor the performance of the
spark chambers and to recqr(i the data onto magnetic tape. The _acceptance
[(AQ/4T'r) X conversion prob’ability‘-'X detection eff.] of the spectrometer
(Fig. 1a) is determined with a Monte Carlo calculetien which includes the
geometry, a field map, pairypretluctionvcross sections, energy loss due
to radiation and 1on1zat10n, and mu1t1ple scattermgr in the converter and
.. chamber_s Numerous runs w1th a 11qu1d hydrogen target were taken to
check.the acceptance and tq determine the instrumental line shape (Fig.1a)
_ et 129.41 MeV from the mono-energetic photon of the T~ +p ~ n+y reaction.
The peak of the lrne shape is shrfted_by ~2 MeV fr(‘)m' the photon energy due
: to‘.energy loss in the eonverter and spark chambers. The mesonic capture
Tt‘+p—*ﬂ°{n, m9 -2y provides a check on the acceptan’ce_ in the region

. 54.9<Ey<'83.0' Me V.



III. RESULTS

209

As was 'four'id_fovr light nuclei, the Bi spectrum (Fig. 1b and 1c)

_exhibits the continuum associated with quasi-free capture Tr-+p. - nty.
The solid curve shows a calculation for the process _-rr-+209Bi - 2.08Pb*'+
nty, using the pole model5 with an excitation energy of 11 MeV (A =16 MeV)

for the' recoil 208

Pb*, ~This energy was 'deterrnin.ed in."a‘.fit to the data
between 70 and 110 _MéV (corresponds to 2-7-6 7. MeV .e"xcitation iﬁ 209P’b),

a regién which should be well above any nuclear resonance. It can be seen
that a rather good descripfion is obtained between 50-120 MeV. This,
together bwivth the excellent de.scriptioni of the data;on;light nuclei ranging

40Ca, demonstrates a rather general 'Vélidity of this one-pole

from 3He to
model.
Considerable transition strength is observed at 120-130 MeV (6-16

209

MeV excitation in Pb) and there is a peak at EYV ~129 MeV. To describe

“this t‘ra.nsitiv'on strength to unbound s.tat.es, two Bréit_—Wigﬁer (BW) forms
plus the pole model were fif to the _déta... the‘curv"e':.s. showrv; in Fig. 1c and
the RY given in Table I. corre.spond to the fit with the poie—mc;de'i A: 16
MeV, and a fixed line width of zero for the peak at ~129 MeV. The BW
form used fo describe the data between the endpoint of the quasi-free con-
tinuum and the line at E;,, = 7.9+ 0.4 MeV serves prinlar.ily to define a
background under the line, and cannot be regarded as e.vidence for a
single "resonance." excitation in this region. By making reasonable vari- |
ations on A, we find that fhe range of BW parameter's Ex = 11-15 MeV
.a_hd I, = 1-4 MeV are consistent with the data. Thus this transition
strength. falls into the region of the giant dipole resonance (GDR) (at 13.6

208 209

MeV in Pb and 13.5 MeV in Bi (Ref. 6)); however, as discussed in



209

Section IV, it seems unlikely that the GDR built on the Pb ground state

kcari be étro_ngly excited in (77,y) on 209Bi, The peék at 7.9 MeV is at an
energy 1-3 MeV lower than the reported giant quavflirupole states which
have been .vidertlti‘fi.ed in this rhéss r_egicin.7 It is the sdme energy as the
208Pb observeci“ in 180° electron scé.tt_ering and in the 208Pb

(y,»n) réactio‘miz Although sf:udies1 on 6Li, 10B, .14N-,v and 12

I:vﬂ. state in
C have shown

the (7", y) reaction to strongly select the analogs of ‘T> (i.e., AT =1) M1

-states built on the ground state of the target, in the.zogBi (7", y) reaction

such transitions cannot occur since the isbspin of th.e‘M1 states of 209Bi

209

have T = T< =43/2 and therefore they have no analovg. in Pb.

The third region of interest is E, = 0-4 MeV where the pure single

209

pérti’cle states of Pb occur. It is obvious from the spectrum that

there is littlé transition strength to this region, a.nd we measure RY (0-4
MeV) = (0..36‘:!: 0.18) X 10-4. An impulse approximation qalculation for th.e single
‘partiéle transition was performedusing the methods of -Ref.13 and A, B,C, and
D coefficients of Ref, 24. The radiative capfure tranéition rates )\Y(4f) and

| )\Y(Sg) for capture from 4f and 5g orbits connecting to the seven single -

209

particle states of Pb are given in Table I.

The radiative bfanching ratio is related to the transition rates by

- Ay
Ry ; x, e @l

where A,(nf) are the total strong absorption rates from orbits nf and
‘w(nf) the corresponding capture probabilities. Detailed captufe scheduiesI

' ‘have not been publishe_d for heavy nuclei; however, from the available



. .1
information

NS (5g = 4f) /\_(58) = 5.76x10° sec‘1/5;93.>_<1.015 sec™t = 9.7

angl6:17

NS T (af = 3d)/n_(4f) = 1.77%x10"7 /(2,64 0.8)10™ = 0.0740.02

one éan sée that 4f capture dominates over 5g c.:aptui‘*‘é__a.» 'vHowever, frbm
the yield meas_urement19 Y(5g - 4f) = 0.42 iv0.05,’ one sees that the n=4
orbit accounts for less than half the C#ptﬁres. It is expected t‘haLt some
capture takevs place from £=0, 1, and 2 orbits following the as:surﬁﬁtion
of a statisticai (22 + i) i)opulation é.s the initi.a.l.condit.ion in the pionvic
casc'ade.; hovs}ever, ‘this fraction is small under the us.ué,l assumptions '
for an .init‘ibal 'n(n = 14 (Ref. 20)). Thus the radiative i_oiranching ratios |

should be given quite accurately by summing c:ove_f f orbits
Zn [w (nf) - )\Y(nf)/)\a(nf)] ..' .

The dependence én n ij )\Y/_)\a fér £1=0, 1 captu?e (light nuclei) is
_1:hc')ught2‘1 to be small. We extend this aésurﬁption ilére to £ =3, thus
‘RY.'_-. )\Y(4f) / )\a(4f). The values of )\Y given in Tablé I were computed
with hydrogenic wave functions. Cornparin?g such wave functions with
optica.l-rnodel wave funétions, Lucés and Werntz22 ‘deduced the dis’cort_ion
correction factors C(5g) = 1.38% 0.20 and C(4f) = 1.14+0.15. The
latter lwla.s applied, i.e. 3 X\'((4f) = 1.'14XXY(4f; .hydrégenic), to co'mpubte.

the values of RY in the table. We obtain the theoretical value RY =



3]

~good agreement with the measured value RY(_O-4 MeV) = (0.36+0.18)10"

‘the single-~particle transitions going up to 4.25 MeV in

(0.30 O*.O‘)MO—4 for the seven singleépa_.rticle'tr_ansitions. This is in
4

IV. DISCUSSION OF THE STATE AT 7.9 MeV

The shell-model configu‘rations excited in vZOQBi (n-; 'y). belong to

two classes which are illustrated in Fig. 2: (i) Those obtained by pro-

moting the 1h9/2 proton to an unoccupied neutron orbital. These are

2OgP‘b for which

transition_rat es are'given in Table I. (ii) Transﬁibns in which the
1h9/2 proton remains intact but one of the prlo_toris in the closed shells

jZ(N$4) is promoted into a neutron shell J (N = 6)‘ resulting in

Ly

configurations

4

wh_e.re J, is the angular momentum of the created p-h pair and J the

total'angular momentum of the state (doorway state). Such states are

strongly mixed in the residual _nuéleus, possibly giving collective modes.

It is not yevt clear which type of collectivity is favored in (v ,y) on a

heavy nucieus. In an effort to explain the peak at E, = 7.9+0.4 MeV

209

one might consider collective states built on the vaground state such

as the electric GDR, isoscaler quadrupole states (GQR), and magnetic

dipole states (M1), or T, (= 45/2) collective modes built on the 20 Bi
nd sta 209

ground state, the analogs of which would be observed in  “Pb.

The giant M1 state built on 209Pb(g. s.) will be of the form



2¢g 9/2(n),. 1; 3 > 7/2 92 2", 11/3*,

wh_ere 1;’ is the M1t sfate in‘_298Pb (i-llustrated-in F1g 2) given approxi-

mately23,‘by

'1;>-’:-"‘0'62 , h9/2('p) b 11/2(p)> +.o_.7"8 ’1 “/ Jn) i 13/2 n)>

The proton component of this state contains configurations qf type (ii).

The transition rates to all three states were calchl.ated, giving

A (4f) 2.6X10 2 sec™! and )\.Y(5g) = 1.1)(_1010 s§¢‘1. | These.are less
than the s1ng1eepart1c1e transitions in TableAI, thus 1t does not seem
possible to relate the state we observe to the state at>v7.9 MeV seen'? in
electron scattering on 208Pb " In add1t1on it should be noted that |

the above state must be formed by an operator wh1ch changes the parity.

of thef nuclear state, so 1t cannot be 51mply-the Gamow -Teller operator This
makes the relation to electron scattering less d1rec’c ‘than for light nuc1e1

209

The GDR and GQR exc1tat10nsbu11t on the Pb(g s. ) (states

g9/2®L, | where L repfesents a‘collec_tive'p-h e}xcit.a’cion of angular
‘mome,nt‘um L) have T=> 45/2 and = (—1)IL. The number of components
in such wave functions which_have configurations of type_(ii) are restricted
to only those with _]1 = 2g9/2 Thus it is difficult' to see ho§v there could
be rnuch coherence in the trans1t1on amphtudes to such states.

- To find.zo()Pb wave. functions which have l-argeApa'rentage, to
configurations (ii) and therefere could lead to cohsici’er'able coherence
in the t'ranSitioh amplitude‘s,one must look at the T ccllective states

built on the qu'Bi(g. s.). The T, components of the GDR are nearly -



non-existent in nuclei with large neutron éxcess because the neutrons

- and pro‘tvo_ns occupy single-particle states of different parity. An inter-
209

esting possibility is the T, comlponent of the GQR iin Bi wh1ch can
exist Since .it is formed by fZTﬁw excitetious evaila'ble: to both neutrons
and protoh'_s_. ‘v The analog of a state at 7.9 MeV-iu 209Pb‘i.s expected at
26.5 MeV in 209Bi (Coulomb .displacement‘ene_rg_y = 1.8.48_ MeV .(_Ref. 24)).
A level diagram illusttating this transitiou is shown in F;igv 3. Evidence
for a collecti've. E2 state in 209B1 at E, =24 MeV and with a w1dth [

3.5 MeV was observed recently by Snover et al. 25 1n_the ‘rea-ctmn 20_8Pb

(P,Y) v 9Bi. Also, inelastic electron scattering scross sections show26_ '

some enhancement to states in this region.in 20_8‘.va,' and EZ or EO char-
actef vx;as suggested'. The energies determined in b_oth of these s_tudies
'depend to some extent on the ‘assumed background. Theoreticel esti-
m;ztesz'h28 for the energie.s of isovector-quadruplole states. [(GQR)T>.]
vary by éeVet‘al MeV, with 13543 = 23 Mev?28 b.e'i‘_l‘lrg a'tyéica'i _{z'alue,
Thus, on the basis of e};cit_ation energy it would éiépear thatvthe .identifi— _
cation of our 7.9 MeV stete as the analdg 'of’ a T>" __co.mpo._n.ent of the GQR of
209}.3'1 is reaslonable.‘The width of our ste.te (F :0;3 Me'V), though not too well -
determlned by the data, is not inconsistent w1th the 3.5 MeV deduced |
from the (p, y) study 25 It should be noted that the def‘ay w1dth of the
~ state in 209Pb is much narrower than its analog in 2OgBi, because it is
only 4 MeV abov_e the neutronbemissi‘on_ threshold '(Fig. 3); also,v. due to -
its néuti‘ou—pafticle, proton-hole »configuratien', its decay to 208Pb+ n |
is greatly hivndered. B | |
The (w~,y) transition rate to the 7.9 MeV state can be calculated

‘only after a'detailed shell-model diagonalizatien-is'performed. For the
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present we can give only an approximate ''sum rule limit. " To calculate
this we summed the transition rates )\Y(4_f) for all type (ii) doorway states.

(Fig. 2) with neutr_on-p_ar'ticlé,- proton-hole states coupled to JTiT = 1+, 2+,

3+, and J" = 3/27,...,15/27. The summed transition rate for all such states

is X (4) = 84X 1013s¢'c'1, giving R, = (3.721.1)X10™%, where the indicated
‘uricértain-ty i.s'.from“ the x—fay _data 'a_'nd. distortion féct_o;'. _ The experimental
~ value is (4:7:& 0.7) X 1074 assﬁming the ;vbackgfound.;ho_wn in Flg 1c. Not- .
‘ withstavndi.r‘lg th'e.vu'ncert‘ainties' in b,ét.h the ekb_eritnén_tal énd .th'eore'pi(»:al' ’
nﬁrhbé"r's', the vc:alc‘ﬁvla.tioﬁvdo'es de'rﬁonstrate that thevne'c_essary strength
can be obtained fbi'qm the pdsSible'aoo'rway states. ’The.concentration- of
strength iIﬁO" ;' stat_e(s) at 7.9 MeV rema_iﬁs to be., ex’piained.
..In édnclﬁsi_on we can say that‘ the i)fesent s_éﬁdy- establishes that

209

the strong state observed at 7.9 MeV in " " "Pb mu}st»lbé'collective and its

209Bi.- .Although o‘ur._study' cannot establish

analog bliAe‘s:.at ~26 MeV in
unambiquuslly that this st.ate correspovnds toa Ty _component of the GQR

- built on fhe gfouhd state of __thé t'arget,b the (n, y) reaction c_léarly‘ is- a

gobd m.eans.fo'r'v the study of s_uch states.’ First, bec;ausé one obse‘rv.es

the éhotdn‘in'thé pl;imars} transition. 'I;his .cvann'otbbe:"dvone 1n p-capturé

where the same étatés may also piay a role‘..e)b1 Sécond, because they

occur at much lower energies in the final nucleus, and thus are in a

region of lower level density and narrower decay Widths.' . | y
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B. Goularg J.Joseph; and F.Ledoyen, Phys. Rev. Lett. 27, 1238
(1971) To our knowledge, calculations for p-capture to T com-
ponents of the GQR have not been published, but we would expect

such transitions to be important in heavy nucle1
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TABLE 1. Transition rates and branching ratios for radiative capture of stopped 7~ on 2°° Bi.
| o/2 (proton) - y + j (neutron) with 7~ in 4f or 5g orbits
are compared with the experimental value for the sum.of all transitions up to 4 MeV excitation

in 2°9Pb.

The single-particle transitions n~ + 1h

Single-particle ~ E, ¢°°Pb)®  Eb  a@h A p R GHC

state in 2 °? Pb (MeV) (MeV) 10'? sec’l 10" 9sect 104
2692 0 1368 093 417 0.041:0.012
i 1172 078 136.0 117 311 0052 0.015
1 15/2 1.43 1354 . 369 - 1070 0.163 * 0.048.
3d 572 157 135.2 0.31 1517 0.014+ 0.004
4 1727 204 . 1348 008 - 035  0.004: 0001
28 712 2,50 1343 0.32 0.14  0.014+ 0.004

3d 32 . 254 134.3 0.15 . .058  0.007 + 0.002

. Theory ~ Sum:  0.30 * 0.09
Expt. Ry(0:4MeV)= 0.36 + 0.18

Experiment 7.9+ 049 1289:04 I, =0-3MeV R =(4.7:07) 10%¢
| 13 2 124 2 T, =1-4MeV - R, =(9.6:16) 10%¢
| =(98+10) 1074

d4Reference 29. = o ' -

.bAssuming 4f capture; photons from 5g capture will rappvear at O.59-MeV h'igl.ler’energies
due to smaller n binding energy. o |

L_‘Assumihg 4f capture ‘only'; R, = Cf)\y'(4f)/>;a,(4f) with distort'io_n factor C(4f) = 1.14+0.15
[Ref. 22] and 2 (4f) = (1.7£0.5 keV)/h = (2.6£0.8)10' ® sec’! [Ref. 16]. |

- dAssuming 4f cépture; E,=85+04 MeV if assume 5g capture. - |

CFit with 5216,1', =0.T'; = 2.7:0.8 MeV, E,_ = 7.950.4 MeV, and E,_ = 11.7:0.2 MeV.
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Photon spectrum from m_ capture on hydrdgen (a) and Bi
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Figure Captions

209

(b and c). Note from the ™ +p—~n+y reaction (a) that the instru-
mental line shape for 129.4 MeV photons has a full width half

‘maximum of 2 MeV and that its peak is shifted downward by
“~2 MeV from the photon energy. The curve in (b) is a.pole-

model? calculation (A =16 MeV) normalized to the data between
70-110 MeV; in (c) the curve is a fit to the full spectrum (pole +

- BW + line, Table I). The data gives evidence for strong excita-
~tion of a state at 7.9 MeV in 20 Pb, and weak exc1tat10n of the
'_smgle particle states in 209pb (0-4 MeV)

Shell-model levels 1n the 208Pb region. The 51ngle partlcle
transitions (i) of the 9B1(‘!T y)ZO Pb reaction-and the (ii)
neutron-particle, proton- hole excitations discussed in the text
are illustrated. The M1 excitations of 98Pb are also identified.
Their relationship to the 209Bi(n~,y) reaction is discussed in
the text. .- - S

209 209

‘Level diagram for giant res.o'nance states of Bi and
-The peak in the y-spectrum of the 20 Bi(w~,vy) 209py react1on at

E4=7.9+£0.4 MeV is identified as the excitation of the analog of
a Ty giant quadrupole resonance of 209Bj at ¥ 26.5 MeV. The
well-known electric dipole resonance and p0551b1e T< electric
quadrupole resonance are also shown.
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