
Volume 93B, number 3 PHYSICS LETTERS 16 June 1980 

CORE-POLARIZATION EFFECTS ON THE MAGNETIC TRANSITIONS 
IN THE 2°8pb REGION 

I. HAMAMOTO 1,2 
Center for Theoretical Physics, Laboratory for Nuclear Science, 
and Department of Physics, MIT, Cambridge, MA 02139, USA 

J. LICHTENSTADT ~ 
Bates Linear Accelerator Center, Laboratory for Nuclear Science, 
and Department of Physics, M1T, Cambridge, MA 02139, USA 

and 

G.F. BERTSCH s 
Department of Physics and Cyclotron Laboratory, Michigan State University, 
Last Lansing, M148824, USA 

Received 25 February 1980 

We show that there is a reduction of the magnetic transition strength at high momentum transfer due to core polariza- 
tion. This accounts substantially for the observed reduction of 50% of the fir = 12- and 14- transitions in 2°8Pb. The 
core polarization does not affect the shape of the high J form factors in the vicinity of their main peaks. However, a sig- 
nificant q-dependent effect is predicted for the ground state M1 moment of 2°TPb. 

High spin states with unnatural parity o f J  ~r = 14-(6.74 MeV) and 12-(6.43 and 7.06 MeV) haw~ been meas- 
ured recently in inelastic electron scattering measurements indicating significant reduction from the single par- 
t icle-hole predictions [1].  The observed strengths around the first maximum of  the form factors were only about 
50% of  the predictions from the v(ljls/2,  li131/2 ) 14- ,  12-  and the ~r(li13/2, lh17/2) 12-  configurations. The pur- 
pose of  the present letter is to estimate the core-polarization effect on these magnetic form factors, by using the 
technique of  integrating the Schr~Sdinger equation in the radial coordinate space ,1,2 

Since in each of  these high spin states one definite particle-hole configuration (denoted by P0 -h0 )  is supposed 
to be the overwhelmingly predominant component,  we calculate the contributions from the graphs shown in figs. 
la and lb. The complete sum over particle-hole configurations p, h may be performed easily if the residual inter- 
action is approximated by a delta function. We obtain the following inhomogeneous equation [2 -4 ]  for the per- 
turbed particle wavefunction, Xph(r), 

= -rRho (r)R h (r)Rpo (r)(( Y/p ½ )JP( Y/h ½ )Jh 1o6 ( £21 -- a 2  )1( Y/Po ½ )JPo ( Y/ho 21_ )Jho )j. ( 1 ) 

1 Address after September 1980: Nordita, Copenhagen, Denmark. 
2 Supported in part by US DOE, contract No. EY-76-C-02-3069. 
3 Supported in part by the National Science Foundation. 

,1 This formalism was taken from Buck and Hill [2]. See also Hamamoto [3]. 
,z It is useful both formally and numerically to define a Green's function here. See Shlomo and Bertsch [4]. 
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Fig. 1. Core polarization diagrams which are included in pres- 
ent calculations. 

t tere/f  is the excitation energy of  the state, R(r) is the radial wavefunction and V(r) is the single-particle poten- 
tial which we take to have the usual Woods-Saxon fornr ,3. We include only the direct matrix element of the fi- 
function residual interaction in eq. ( 1); the strength of  the interaction will be discussed below. The perturbed par- 
ticle wavefunctions Xph(r ) have a normalization given by the probability of  that amplitude in the complete wave- 
function. The particle amplitude for fig. lb, denoted by Yph(r), is obtained by changing the sign of  E in eq. (1). 
As computed by eq. (1) the Xph may contain components below the Fermi sea. These are easily projected out 
and we have doen so, but in fact the observables are unaffected by this projection [4]. 

The experiment measures the magnetic form factor, 

IFMj(q)I2_ do 1 1 do Mott-  Z2~2 
d°M°tt ( I  + tan210) 7/' d ~  q2 tan2½0 ' (2) 

with the recoil factor: r/= [1 + (2Ee/M t) sin 210] -1 .  In the Born approximation the form factor is related to the 
magnetic transition density "ffjj(r): 

X / ~  i 2 Jf + 1)1/2f 
FMj(q ) = ~ -  \ 2~i +1 r 2 drfj(qr)~jj(r). (3) 

The magnetic transition density (before including corrections due to the finite size of  the nucleon) can be written 
as [51 

1 ~ ( ~ ~ 1 / 2  [(,j+½_+ 3) u~(r ) +_ dmJ(r)7 
PJJ(r ) -2mcx/2J f+l  +_ \ 2 J + l  ] r dr  _l' (4) 

with 

= f.  II 1 1-7- ,us II ]h0 }' I't~)O 2Rpo(r)Rho(r)(eo +-1 J + I ¥ ~ (J+-l,1)J 

[ 6 / ' / t=2  ~ [Xph(r)+ Yph(r)]Rh(r)(jp IL YJ+-I j+IT--~--~ lZ-t~ IlJh)' (5) 
- phcpoho (J+-l,1)J 

/l 'r = 2.79,/~v = _ 1.91. Contributions from the convection and the magnetization current densities were folded 
with the respective nucleon charge and magnetization densities [6].  The folded densities were then used to cal- 

+3 Woods-Saxon radial parameters were not adjusted to fit the data. A standard set of parameters from ref. [12] was used in the 
numerical calculation. 
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culate the (e, e') cross sections in the distorted wave Born approximation (DWBA) [7]. 
The strength of the a-function interaction is written with four independent spin isospin components: 

v =v 0 +Vrr l ' r  2 + v  oo l ' a  2+voro  1"o 2 r  l ' r  2. (6) 

The direct matrix element of (6), as in fig. 1 a, is the approximation to the sum of the direct and exchange parts 
of the true residual interaction. Since we deal here with spin-flip transitions we need only to consider the v o and 
Vor components of the effective interaction. These components are not very welt known especially at high mo- 
mentum transfer. One way to fix this strength is to use the T-matrix approximation, ltere the strength of the 8- 

function is given by 

v i = -(4r#~2/m) Refi , (7) 

where fi is a free nuc leon-nuc leon  scattering amplitude. Calculation of f with a standard set of phase shifts yields ~4 

fnn  = 0.30 - 0.14i fm, fnp  = -0 .09  + 0.10i fin. (8) 

In view of the relatively small magnitude off2P , we shall neglect the neutron proton interaction. This is also sup- 
ported by the SU(4) symmetry. The strength of the identical particle interaction, vo nn = v ° + Vor, as given by eq. 

(7) is shown in table 1. 
Another way to fix the strength of the interaction is to fit the energy shifts of the particle-hole states. Em- 

pirically, the 14-  state is shifted upward by 0.26 MeV from the particle-hole energy of the particle-hole state. 
The value obtained for o nn by fitting this energy shift is smaller than the T-matrix estimate as may be seen in ta- 

O 

ble 1. In comparison the value obtained in ref. [10] which fits the static M1 moment is about four tJimes larger. 
We adopted in our calculations the value o nn = 170 MeV fm 3. Despite some ambiguity in the overall strength, the 

O 

calculation should be reliable as to the shape of the polarization effect. 
The residual interaction with the adopted strength produces substantial core polarization effects. In an infinite 

system the polarization is readily calculated with the Lindhard function, U [11], 

<8 o)/<o) = -2vnon(mkF/27r21i 2) U(q, co), U(O, O) = 1. 

In our case of nearly static polarization at maximum momentum transfer across the Fermi surface (co ~ 0, q 
2kF) , the values U(2kF, 0) = ½ and v nn = 170 yield a polarization <8o)/<o> = -0 .28 ,  which is close to what we 

O 

obtained from the detailed calculation with eqs. (1) - (6) .  
Comparison between the calculated transition densities with and without core polarization for the 14~- and 

the 12~- are shown in fig. 2. The respective calculated (e, e') cross sections are also compared with the measured 
data ,a .  The calculated cross sections which are reduced due to core polarization agree rather well with the meas- 
ured data both in the absolute magnitude and in the q dependence. 

Other effects which may also cause a reduction in the transition strength were not considered here. One of 

,4 The scattering matrix corresponding to spin-flip of the stretched j = l + 1 configurations is 2t~ = <k = k F ~,-+ ~ tMi k 
= _ k F ~  , ~ ) _  l 1 - -gMss(rr) + gMll(rr), in the notation of Stapp et al. [81. We evaluate this at Ecm = 70 MeV using the phase 
shifts of McGregor et al. [9]. 

Table 1 
Strength of the spin-flip interaction for identical particles. 

Method v nn (MeV fm 3) 

T-matrix, eq. (7) 156 
14- shift = 0.26 MeV 115 
Ref. [10] 493 
Adopted 170 
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Fig. 2. (a) Magnetization current densities for the u 14- and 
the ~r 12- transitions in 2°spb. (b) Transverse (e, e') form 
factors calculated in DWBA from the densities in (a), com- 
pared to the 160 ° data of ref. [1]. qeff = q(1 + 4 Z a / 3 E A U 3 ) .  
In both (a) and (b) the dashed lines are the calculations for 
the unperturbed single particle-hole configuration, while 
solid lines are the calculations including core polarization. 
A standard set of Woods-Saxon potential parameters [ 12] 
are used in the numerical calculations. 

Fig. 3. Magnetization current density and the respective 
DWBA (e, e) form factor of the M1 in 2°TPb. Dashed lines 
are the unperturbed single particle calculations, while solid 
lines are the calculations including core polarization. 

these can be related to the fact that the h i g h / s i n g l e  particle states in the 2°8pb region are not pure "shell model" 

states. Namely  the neutron lj15/2 and li13/2 states and the proton li13/2 and l h l l / 2  are known to have appreci- 
able admixtures of  the octupole  ( 3 - )  core excitat ion ( ~ 2 . 6  MeV) [12] .  Enhanced E3 decay of  the l j l s /2  state 
at 1.43 MeV to the 2g9/2 ground state in 209pb which was observed experimental ly  [13] is typical evidence for 
these admixtures.  These "impurities" might also cause the (e, e') cross section to deviate form the one-part ic le -  
one-hole predictions.  This deviation will be discussed elsewhere. 

The calculated reduction discussed above seems to be almost constant and can be expressed approximately by 
a q- independent  scaling factor, as can be seen for the 1 2 -  and the 1 4 -  states. This q independence is a feature 
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of  the very high spin states obtainable from par t ic le -ho le  configurations with one major shell excitation. For ex- 
ample, tile reduction in 14-  strength stems primarily from adnrixtures of  configurations such as u(1 k17/21 h17/9 ) 

1 4 - ,  u(1~19/2 , li131/2) 14 land  the v(1~19/2 , 189/~)14- , all of which have similar radial dependence to that of~he 
unperturbed u(lj  15/2, li13/2) configuration. The resulting polarization effect which is concentrated around the 
nuclear surface is rather unique to the present high spin states. 

A calculation of  the polarization effect on the magnetic elastic scattering front 207pb provides an excellent 
example which shows a different q-dependent behaviour. Since the spin of  the 207 Pb ground state is jTr = 1 / 2 - ,  
M1 is the only nmltipole contributing to the elastic transverse form factor. It is a most favourable case for exam- 
ining the magnitude of  the M 1 polarization in the very inside of  the nucleus, since the unperturbed 3Pl/2 single 
particle wavefunction has there a large amplitude. We show in fig. 3 the calculated form factor with and without 
the polarization effect. The latter was calculated using the same technique described above with the same inter- 
action used for the high spin states. It is seen from fig. 3 that around the momentum transfer o f q  = 1.0-2.5  fm -1 
the predicted cross section is about one half of the pure single particle prediction. In this momentum transfer re- 
gion the transition density at small radii is probed. It is noted that due to the unique feature [14] of  the Pl/2 
single particle orbit  together with the delta function interaction the calculated polarization vanishes in the limit 
q -+ 0, giving rise to a magnetic moment  which is equal to the Schmidt value. Preliminary measurements of elastic 
magnetic scattering from 207pb around 2.5 fm -1 show a significant reduction from the 3Pl/2 single particle predic- 
tion [ 15 ] .  It  would be very important  to measure the elastic magnetic scattering from 207 Pb up to high momentum 
transfer (~2.5 f m -  1 ). Since the M 1 cross section remains rather large at this momentum transfer it should be measurable 

The polarization effect seems to be very important  in the magnetic transitions to the high spin states, and can 
explain the major cause for the observed reduction from the single par t ic le -hole  predictions in 208pb. The same 
effect predicts a q-dependent reduction of  the M1 elastic form factor in 207pb and measuring it would further 
test our approach. Similar quenching observed in other transverse form factors and examination of  the dependence 
of the numerical results on the various parameters used in our calculations are still to be investigated. Other ef- 
fects which contribute to the electron scattering cross section, such as meson exchange currents should be studied 
as well. 

The authors would like to thank J. Heisenberg and A. Kerman for the helpful discussions. One of  us (I.H.) 
would like to thank the Center for Theoretical Physics at MIT for its warm hospitali ty.  
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