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40 120 AND 20Rbt ELECTRON AND PROTON INELASTIC SCATTERING FROM Ca, Sn; '"1' 

• G. R. Hammerstein and R. H. Howell 
Cyclotron Laboratory and Physics Department 

Michigan State University 
East Lansing, Mic~igan 48823 

and 

F. Petrovich 
Lawrence Berkeley Laboratory 

University of California 
Berkeley, California 94720 

January 1973 

Abstract 

Theoretical (e,e') form factors and (p,p') differential cross sections 

for the first 3- and 5- excitation in 40ca, the first 3- excitation in 20~b, 
+ 120 and the first 2 and 3- excitations in Sn are presented and compared with 

experiment. Results are also presented which test the hypothesis that the 

proton and neut~on transition densities for these transitions are related by 

the ccndition p = (N/Z)p . A Simple modified Born approximation has been 
n P 

used in the electron scattering calculations. The long range part of the 

Kallio-Kolltveit potential has been used for the projectile-target interaction 

in the proton scattering calculations and "knock-on" exchange contributions 

have been included approximately. 

t Supported in part by u. S. Atomic Energy Commission and NSF. 

·* Present address: Lawrence Livermore Laboratory, Livermore, California. 
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l. Introduction 

Inelastic electron scattering and inelastic proton scattering are 

well known tools for the study of nuclei. In the inelastic excitation of a 

nuclear collective state, an electron is essentially scattered only by the 

target protonG1 ), On the other hand, a proton with energy< 100 MeV inter-

acts 2-3 times more strongly with the target neutrons than it does with the 

t t t · b · · bo t th .trans~t~on2-4 ). A ult arge pro ons ~n r~ng~ng a u ~ same • • s a res , com-

parison of electron scattering and proton scattering allows separate discussion 

of the proton and neutron transition densities, i.e. those functions which 

describe the motion of the target nucleons during the transition. 

The electron-nucleus interaction is electromagnetic in origin_and 

well understood in principle. In addition, an electron is not absorbed 

appreciably during the scattering process. These features make possible an 

accurate determination of the proton transition density directly from the 

experimental data, provided it extends over a sufficient range of momentum 

transfer. There are some theoretical uncertainties in the interpretation of 

the (p,p') reaction and a proton is absorbed as it is scattered, so the 

information gained is not so precise as in the case of electron scattering. 

For collective excitations in N=Z nuclei the proton and neutron tran-

sition densities are identical, up to a phase, insofar as iso-spin can be 

considered a good quantum number. Here information about the proton transition 

densities obtained from electron scattering provides a direct means of testing 

models for the (p,p') reaction. Some calculations of this type have been 

reported5). A recent study6 ) of (a,a') andy-decay data suggests that the 

neutron transition densities are approximately N/Z times the proton transition 

• 
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densities, i.e. p :::::: (N/Z)p , for collective excitations in nuclei with N =i= Z. 
n P 

A similar study2 ) made with (p,p') andy-decay data provided only a rough in-
' 

dication.that pn ~ pp. Additional information on this question can be gained 

from the (e,e') and (p,p') reactions. It is, of course, also possible to use 

these reactions to directly test theoretical nuclear wave functions. 

We present here theoretical (e,e') from factors and (p,p') differential 

cross sections for the first 3- and 5- levels in 40ca, the first 2+ and 3-

levels in 120sn, and the first 3- level in 208Pb. We have used the correlated 

particle-hole wave functions of Gillet and collaborators7 ) in the calculations 

for the doubly closed shell nuclei and the two quasi-particle wave functions 

of Clement and Baranger8) in the calculations for 120sn. We also present 

(p,p') cross sections calculated with p taken from experimental (e,e') studies, 
p 

subject to the condition p = (N/Z)p . 
n p 

These calculations by no means constitute a complete study of the experi-

mental data. The transitions considered have been selected because they have 

been of theoretical interest in the past7' 8) and because they have been studied 

in recent experiments9- 15 ). A more extensive report will be made at a later 

date. 
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2. Theory 

2.1. INELASTIC ELECTRON SCATTERING 

The differential cross section for inelastic electron-nucleus scattering 

. l 
is given by ) 

dcr 
dQ = {l) 

2 where Z crM is the Mbtt cross section which describes the scattering of a high 

energy electron by a point charge Z, n is a recoil factor, 8 is the scattering 

angle, and q is the magnitude of the momentum transfer. F
1

{q) and FT(q) are 

the longitudinal and transverse form factors, respectively. In the case of 

collective excitations the longitudinal contribution to the cross section is 

dominant except at very large angles, so we can neglect the transverse 

cont ri but ion. 

If the final state has spin J and the target has spin zero, the angular 

momentum transfer is restricted to the value J and the longitudinal form factor, 

in Born approximation, is given by 

{2) 

J where jJ. {qrr is a spherical Bessel function and p is the charge transition 
ch 

density. The latter differs from the point proton transition density pJ 
p 

because of tb.e finte size of the proton. They are related by 

(3) 

where Pp designates the charge distribution of the proton. J 
We can obtain pp 

from theoretical nuclear wave functions by using the definition 

i 

.·t 

.i 
' 
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~ 6(r-ri) 
pJ(r) = < J

11H ·£., 
2 

YJ(;i)llo+ > 
p i r. 

~ 

(4) 

where ( II II ) is a reduced matrix elementl6) and the sum on i runs only over 

the target protons. The neutron t~ansition density, p~, is given by the same 

expression with the sum on i running over the target neutrons. 

Born approximation 'is valid only for electron scattering from very 

light nuclei. For most cases of interest it is necessary to take into account 

the distortion of the electron wave function by the nuclear Coulomb field. As 

this field is attractive in the case of electron scattering, its effect is to 

increase the wave number of the electron projectiJe in the vicinity of the tar­

get. This can be included approximately1 ) by replacing q on the right hand 

side of eq. (2) by 

q' = Kq = (1- V (0)/E)q 
c 

(5a) 

where V (0) is the Coulomb potential at the center of the target and E is the c 

energy of the incident electron. The effect of the correction is to shift the 

form factor towards smaller values of q. The magnitude of the shift is 

proportional to q. 

We use this modified Born approximation in the calculations of this 

paper. The results of distorted wave calculations are available for comparison. 

We have found empirically that the results of the approximate calculations can 

be improved by choosing 

K = 1- Vc(r)/E (5b) 

with r given by (J + 1)/q. This is not unreasonable because for low q the· 

electron does not penetrate to the center of the target nucleus. Work is 

currently in progress on distorted wave code17 ) which makes use of detailed 

eikonal formula of Yennie and Ravenha1118 ). 
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2.2. INELASTIC PROTON SCATTERING 

The (p,p') differential cross sections are calculated in the distorted 

wave approximation. We have asswned that the projectile-target interaction i~ 

given by the long range part of the Kallio-Kolltveit potential (KK)l9, 3 ) and 

"knock-on" exchange contributions are included via a zero-range approximation 

developed previously3 ' 20 ). The KK force is a central interaction which is a 

reasonable approximation to the bound state G-matrix. We write the distorted 

wave transition amplitude in the usual form 

(6) 

where the X' s are the distorted waves, I i ) and If ) are the initial and final 

states of the target, and 

v 

I:n eq. (7) 

A A 

= L: tip + L tip (k~) o(r i-rP) {7) 
i=l i=l 

t. is the interaction between the incident proton and the ith target 
~p 

nucleon and the second term gives the "knock-on" exchange component of the 

transition amplitude. Here t(~) is the Fourier transform of t evaluated at 

the wave number of the incident proton. 

The matrix element ( fiVIi ) is a function of the coordinates of the 

projectile. It can be expanded in a series, each term of which corresponds to 

definite orbital, spin, and total angular momentum transfer (LSJ). For the 

excitation of a collective state with spin J in a spin zero target, spin flip 

(S=l) is not important and ?nly the term LSJ = JOJ need be considered. The 

radial part of this term is the nuclear form factor which is given by 

I I 
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_ _.J J 2 
V (r ;r) p (r) r dr 

px p X . 
(8) 

x=p,n 

where yJ (r ;r) is the Jth multiple coefficient of the S=O components of the px p 

proton-proton (x=p) and proton-neut'ron (x=n) forces and l denotes the proton 
X 

(x=p) and neutron (x=n) transition densities. The constant of proportionality 

in eq. (8) depends only on the conventions employed in the distorted wave 

calculations and is not essential to the discussion here. 

The approximate relation between the (p,p') cross sections corresponding 

to p = (N/Z)p and p = p is easily obtained from eq. (8). The expression is 
n p n p 

R = 
a[p = (N/Z)p ] 

n P 
o[p = P ] 

n p 
= (9) 

where V0 and V1 .represent the strengths of the iso-scalar and iso-vector S=O 

components of the projectile-target interaction, 

V = l (V + V ) 
0 2 pp pn 

and A= v
1
;v

0
• For the KK force A ~-4/9· Eq. (9) is also valid for the 

(a,a') reaction with A= 0. 

(10) 

For T=O transitions in N=Z nuclei R=l independent of A, so these tran-

sitions test only the iso-scalar part of the interaction. With A = -4/9 

120 208 R = 1.66 for Sn and 1.92 for Pb. The corresponding results with A = 0 

are R = 1.44 and 1.61, respectively. So we see that the (p,p') reaction gives 

30% greater resolution than the (a,a') reaction, for the detection of differences 

between p and p of the order N - z. For both reactions the difference between 
n p 
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cross sections corresponding to p = (N/Z)p and p = p will typically be 
n p n p 

less than a factor of 2; th.erefore, accurate data and careful analysis is 

required if definite conclusions about p are to be made. 
- n 

2.3. COMMENTS ON FOLDING INTEGRALS 

I I 

The proton charge transition density, eq. (3), and the proton scatter-

ing form factor, eq. (8), are related to the point nucleon transition densities 

through folding, or convolution integrals. These integrals are common in direct 

reaction models and their properties are generally well known. Nonetheless, 

a few qualitative remarks concerning these integrals might be helpful in the 

discussion of the next section of this paper. 

The general form of the folding integrals is 

f(r) : f V(;_-;l )g(;l )d3r I 

I 

(11) 

where f is the folded function, g is the unfolded function, and vis the folding 

distribution which we assume to·be scalar and integrable. The momentum space 

analog of eq. (11) is 

f(k) = v(k2 )g(k) {12) 

which demonstrates that there is a one to one correspondence between the momen-

tum components of the folded and unfolded functions. This is a useful relation. 

As an example, it shows that a knowledge of the spatial localization in the 

distorted wave transition amplitude is sufficient to determine which momentum· 

components of the transition densities are important in inelastic proton 

scattering. 

The volume integral of v, i.e. 

(13) 
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is simply a scale factor between f and g. All information about Shape differ 

ences between f and g is contained in 

(14) 

where f = Af' and v = Av'. The normalized folding distribution v' has the 

value unity at k = 0 and decreases smoothly with increasing k at least in the 

case of the distributions of practical interest. We see immediately that 

differences between f' and g increase as the momentum space localization in 

g moves to larger values of k. This is equivalent to increasing multipolarity 

or decreasing spatial extension in g, all other factors. being constant. 

Examples of this will be evident in the results of the next section. We also 

mention that this discussion can be formulated more precisely in terms of 

relations between the moments off', v', ~d g21 ), but this aerves no purpose 

here. 
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3. Calculations 

3- (Q = -3.73 MeV)
1

AND 5- (Q = -4.48 MeV) LEVELS IN 40ca 

The cross sections for the excitation of the 3- (Q = -3.73 MeV) and 

5- (Q =-4.48 MeV) levels in 40ca by 249.7 MeV electrons have been measured12 ) 

-1 over the momentum transfer region q = 0. 5 - 2. 0 fm . Data for the 3- level 

has also been obtained for q = 0.4 - 0.6 fm-l in an experiment with 60.3 MeV 

electrons10 ). In a distorted wave analysis12 ) it was found that the data 

could be fit quite well with surface peaked charge transition densities of 

the form 

(15) 

The parameters for these densities are contained in the summary given in 

Table 1. 

Modified Born approximation calculations have been performed using the 

above densities. At 249.7 MeV the Coulomb correction is at most 4% in q and 

there is no essential difference, over the region of the experimental data, 

between the results obtained using eq. (5a) or eq. (5b). At 60.3 MeV eq. (5a) 

implies a correction of 18% in q and the resulting form factor is too large 

by about 50%. In this case eq. (5b) gives better results. The results obtained 

with eq. (5b) are shown in fig. l. The agreement with the distorted wave 

results of ref. 12 ) is excellent. 

The results obtained with the transition densities constructed from 

the R.P.A. vectors of Gillet et al. 7 ) are also shown in fig. 1. The form 

factors for the 3- excitation has about the right magnitude, but the 5- form 

factor is about 25% too high. In both cases the theoretical form factors are 

., 
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too large at low q and fall off too fast beyond the first maximum. This could 

be improved by choosing a larger harmonic well parameter. The 3- R.P.A. vector 

used in the calculations of ref. 3 ) gives a form factor similar in shape to 

the one shown here, but about 25% lower in magnitude. We conclude that the 

R.P.A. wave functions give a fair, but not completely accurate account of the 

electron scattering data. 

The (p,p') cross sections obtained using the above transition densities 

are compared with the 25 and 40 MeV data of ref. 14 ) in fig. 2. The optical 

model parameters used in the calculations are from the same reference. In the 

case of the phenomenological densities, results obtained with and without 

unfolding the proton size are both shown. The proton form factor was taken 

from ref. 22 ). It is clear that the subtraction of the finite size of the 

proton is an important consideration. The largest differences are for J = 5, 

in accord with the remarks of the preceding section. The differences between 

the cross sections obtained with the phenomenological densities (with the 

proton size subtracted) and the Gillet densities are quite similar to those 

appearing in the electron scattering results. This is consistent with the 

results of a study of the spatial.localization the distorted wave transition 

amplitude, which indicated that the (p,p') cross sections are sensitive to 

momentum components of the transition densities over a region starting just 

below the position of the first maximum of the (e,e') form factor and extending 

out to about the position of the first minimum. This is probably a typical 

result for collective surface excitations. A clear illustration that the (p,p') 

cross sections are not sensitive to the lowest momentum components of the 

transition densities is provided in Table 1. The Gillet density gives a larger 
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B(E3t) than the phenomenological density, even though the latter gives the 

larger (p,p') cross section. This in'dicates the possible danger in making 

direct comparisons between electromagnetic transition rates and (p,p'} cross 

sections. 

The theoretical cross sections calculated from the phenomenological 

densities are in good qualitative agreement with the experimental data. This 

2-4). was expected from the results of ref. In detail there are some dis-

crepancies. The theoretical 3- cross sections are 30-45% too large while the 

5- cross sections are about 14% too low at peak, i.e. neither, the absolute 

nor the relative magnitude of the experimental cross sections are reproduced 

precisely. In addition the shapes of the theoretical cross sections are not 

particularly good. 

The relative magnitude of the theoretical cross sections might be 

improved by including a spin-orbit component in the projectile-target 

interaction23 , 24 ). It is also known that the sh~pes of the theoretical cross 

sections can be improved by including an imaginary component in this inter­

action24~26). Both of the above will tend to increase the absolute magnitude 

of the theoretical cross sections. (The combined effect will be of the order 

of 50%), placing both the 3- and s- results well above the experimental data. 

This could be remedied to some degree by using the long range part of the 

Ramada-Johnston (HJ) potential4 ) in place of the KK force. The HJ force, which 

is a more realistic interaction, gives cross sections similar to those obtained 
I 

with the KK force- but 25-35% smaller in magnitude5 ' 14 ). It would appear, 

however, that the final cross sections would still be somewhat higher than the 
I 

experimental data. This may simply be a reflection of inadequacies in our 

I 
. I 

I 
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approximate treatment of exchange3 ' 20 ) or in the prescription for including 

the imaginary component in the interaction25 ). It may also indicate the need 

for including other effects, such as a possible density dependence in the 

real 

wave 

part of the interaction27 ) or non-locality corrections in the optical 

functions 28 ). Both of these damp contributions from the nuclear interior 

and would tend to reduce the magnitude of the theoretical cross sections. The 

need for density dependent interactions in folding models for the real part 

of the optical potential has recently been emphasized29 ). These effects are 

currently being investigated. 

3- (Q ,;, -2.62 MeV) LEVEL IN 208Pb 

Cross sections have been measured11 ) for the excitation of the 

3- (Q = 2.62 MeV) level in 208Pb by 248.2 and 502.0 MeV electrons. The data 

-1 covers momentum transfers from q = 0.5 - 2 • .8 fm • In a distorted wave 

analysis11
) it was found that the experimental cross sections could be fit 

quite well, out to q = 2.0 fm-l, with a surface peaked charge transition 

density centered at r ~ 6.6 fm.. The functional form of this density is given 

by 

p~h (r) = Po r2 ~ [1 + exp (r:;c
2

) r (16) 

and the parameters are given in Table 1. In fitting the data, p
0

, c, and z, 

were constrained so that p~h gives B(E3t) = 7.2 x 105 e2 tm6 ~as determined in 

an experiment with 70 MeV electrons30 ). In order to extend the fit out to 

2. 8 fm -l, it· was necessary to add an oscillating modification to this charge 

transition density11 ). The main effect of this oscillating modification is 
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3 to produce a small secondary peak in pch at r;::::: 3.5 fm. Proton scattering 

calculations were found to be insensitive to contributions from r < 4 r.m, i.e. 

-1 q ~ 1 fm , so we have ignored this refinement. 

Calculations for 70 and 248.2 MeV electrons have been made using the 

above transition charge density. At 70 MeV the Coulomb corrections are quite 

large - as high as 37% in q. The results of Born approximation and modified 

Born approximation calculations at this energy, are shown in fig. 3 with the 

30) ( ) data from ref. • The result obtained using eq. 5b is clearly the best. 

It is in good agreement with the data and the results of distorted wave 

30 calculations ) up to the first maximum, but falls off too fast beyond this 

point. This is seem more clearly in the result from 248.2 MeV electrons shown 

in fig. 4. Here again the theoretical result is in good agreement with the 

distorted wave results11 ) out to the first maximum and the first minimum is 

located reasonably well. This is about all that can be expected with the 

simple treatment of Coulomb distortion which is being considered. It is also 

sufficient for the present application. 

The results obtained with the transition density constructed from 

the R.P.A. wave fUnction of Gillet et al. 7) are also shown in fig. 3 and 4. 

The results are about a factor of two too low at the first maximum. We also 

note that there are large differences between the results for the Gillet 

density and the phenomenological density for q beyond the first minimum, 

indicating that there are significant differences between the two densities 

for r < 4 fm. This has been discussed in ref. 11 ). As mentioned above, 

inelastic proton scattering is in~ensitive to this region, so we have here 

an example of loss of information due to absorption. A calculation made with 

t 
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an unpublished R.P.A. wave function of T. T. s. Kuo gave results similar to 

those shown here, but in somewhat better agreement with the magnitude of the 

experimental data at the first maximum. 

The (p,p') cross sections obtained using the above transition densities 

31 are compared with the 31 MeV data of ref. ) and the 61.2 MeV data of Scott 

and collaborators15 ) in fig. 5. The optical model parameters used in the 

calculations are 'from ref. 32 ) (31 MeV) and from ref. 33 ) (61.2 MeV). In the 

case of the phenomenological density, we have again indicated the effect of 

subtracting the finite size of the proton. The effect is smaller here than in 

40 208 the case of · Ca because Pb is a larger nucleus. 

The theoretical cross section obtained with the phenomenological tran-

si tion density at 61.2 MeV is about 45-55% higher than the data. This is 

reasonably consistent with the results for 
40

ca and may be interpreted in 

support of the condition pn = (N/Z) pp if it is assumed that future modifica-

40 208 tions in the calculation will effect the Ca and Pb cross sections in the 

same wa:y. At 31MeV, however, the theoretical cross section is in good agree.,.. 

ment with the experimental data. The reason for the disparity between the 

results obtained at the two energies is not immediately apparent. Deformation 

parameters extracted from collective model studies of the same data are 0.13 

and 0.098 for 3132 ) and 61.2 Meyl 5), respectively. These differences are con-

sistent with the discrepancies in our results, so we conclude that the difficulty 

is not related to the model we are using to evaluate the nuclea.z: matrix element 

in the distorted wave transition amplitude. 

The theoretical cross sections obtained from the Gillet densities are 

2-3 times smaller than those obtained with the phenomenological density. This 
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is slightly larger than the differences observed in the electron scattering 

results and indicates that the Gillet wave fUnction gives P < {N/Z)p • In n p 

fig. 6 we compare the matter density, i.e. p = p + p , obtained from the Gillet m p n 

wave function with the matter density constructed from the phenomenological 

proton transition density, i.e. p = {A/Z)P • The former has been multiplied m p 

by ~ to normalize out the differences observed in the electron scattering 

results. We see that the phenomenological matter density is larger than the 

normalized Gillet matter density in the surface region which is consistent with 

the above remark. Note that comparing only the peaks of the two densities 

gives an exaggerated picture of the differences, because the Gillet density 

has a longer tail than the phenomenological density. 

+ { ) - { ) 120 2 Q = -1.16 MeV AND 3 Q = -2.39 MeV LEVELS IN . Sn 

Cross sections have been measured for the excitation of the first 2+ 

and 3- levels in 120sn in experiments with 6o9 ) and 150 Mev
34 ) electrons. 

Charge transition densities of the derivative Woods-Saxon form, 

{17) 

have been fit to the data9 ) in a distorted wave analysis. The parameters are 

given in Table 1. The results of modified Born approximation calculations 

[eq. {5b)] using these densities are shown in fig. 7. Again the agreement 

with the full distorted wave results is quite good. The corresponding {p,p') 

differential cross sections are compared with the 31 MeV data of ref. 13 ) in 

fig. 8. The optical model parameters used in these calculations have been 

35 
taken from ref. ). The theoretical cross sections are in good agreement 
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with the experimental data. On the basis of the previous results for 40ca and 

208 Pb we might conclude that the theoretical cross sections are a bit low 

relative to the data. This may be an indication that p is slightly greater . n 

than (N/Z)pl>. 

The results obtained using the theoretical wave functions of Clement 

and Baranger8 ) are also shown in fig. 7 and 8. In the calculations of ref. 8 ) 

it is assumed that the ground state of 120sn is a closed Z = 50 shell for pro-

tons and a BCS vacuum for neutrons. The wave functions for the excited states 

have been obtained by diagonalizing a realistic Hamiltonian in a large 2-quasi-

particle basis. In the case of the closed proton shell a 2-quasi-particle 

excitation is simply a particle-hole excitation. + For the 2 state the theo-

retical (e,e') form factor is too low by a factor of 2, but the theoretical 

(p ,p') cross section is in good agreement with the data~ This indicates that 

the particle-hole description of the closed proton shell is not adequate while 

the treatment of pairing in the open neutron shell is reasonable. It is 

expected that 2p-2h excitations are important in the description of positive 

parity levels outside closed shells. For the 3- excitation the theoretical wave 

functions do not give the complete transition strength, but the calculation 

provides a consistent treatment of both the proton and neutron shells in this 

case. 
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4. Conclusion 

Comparison of inelastic proton scattering and ineiastic electron 

2-4) scattering is quite useful. The results shown allow us to re-emphasize 

that the microscopic description of inelastic proton scattering with "realistic" 

interactions is qualitatively quite good; however, there are still many details 

to be ironed out. Transition densities obtained from inelastic electron scatter-

ing should be considered as a starting point in future studies. If needed, the 

simple modified Born prescription given here should be adequate for the inter-

pretation of the electron scattering data - even for heavy nuclei. We also 

mention that the results which have been shown are consistent with the condi­

tion p ~ (N/Z)p 6 ), but the uncertainties in the calculations are too large 
n P . 

to allow us to make any stronger claims. 
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Table 1. Parameters for transition densities used in the calculations of this work. 

Target Excitation Density Forma Po(fm-3) c(fm) z(fm) ab(fm-1) B(EJt)c(e2fm2J) d 
G(s.p.u.) Rtr(fm) 

4oca 12 1. 68x1o-2 
3.54 1.48 1. 66x1o4 

24.9 4.84 3- p.c. (eq. 15) 
4oca 

1 12 8.90X-10-3 3.54 1. 62Xl06 5- p. c. (eq. 15) 1.26 9-7 4.81 
4oca 

1 
2.11X104 3- t.p.7 .500 3L6 4.89 

4oca 
1 

4. 51Xl06 5- t.p.7 .500 27.0 5.10 1 
208 - 3- ( 6 )11 e4 -4 6.25 7.20Xl05 4o.o 7.54 . Pb 1 p.c. eq. 1 .99x10 2.93 
208 

3i t.p.(p)7 .405 3.32Xl05 18.5 7.42 Pb 

208Pb r t.p.(n) 7 .405 7.35Xl05 40.9 7.91 l 
1208n 2+ p. c. ( eq. l 7) 9 3, 47X10-3 l.T3Xl03 .; 

l 5.32 .4fiO 9·9 5.99 
1208n 3- p . c • ( eq. 17 ) 9 el. 03X10-3 4.79 .518 1.03X105 17.5 6.15 
1208n 

1 
8 7.66x102 2+ t.p.(p) .448 4.4 6.14 1 

1208n 2+ 8 .448 4.53Xl03 6.22 1 t.p.(n) 25.9 
l20Sn 8 .448 7.12Xl04 6.16 3- t.p.(p) 12.1 1 . 8 1208n .448 2.34Xl05 39.8. 6.46 3- t.p.(n) l 

~e use the definition p.c. for phenomenological charge density and t.p.(x) for theoretical point density with 

x=p or n to distinguish between proton and neutron where appropriate. 

ba = (Mw/h)l/2 is the oscillator well parameter. 

cB(EJt) = (2J + 1) I Jeoo pJ(r)rJ+2drj 2 is the reduced transition. probability. 
0 . 

dR~r =J( 
00

pJ(r)rJ+4drJ'J(oo pJ(r)rJ+2dr is the squared transition radius. 

eWith these densities p0 has the units fm- 4. 

. . . 

I 
1\) 
1\) 
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Figure Captions 

Fig. 1. Electron scattering form factor for 3- T = 0 (Q = -3·73 MeV) and 

5,... T = 0 (Q 
40 . = -4.48 MeV) levels ,in Ca. 

F:ig. 2. Proton scattering cross sectionB for 3- T = 0 (Q = -3.73 MeV) tl.nd 

5- T = 0 (Q = -4.48 MeV) levels in 40ca. The solid and dashed curves 

are the results obtained with the phenomenological transition densities 

with and without subtracting the proton size, respectively. The dotted 

curves are the results obtained with the Gillet densities. 

Fig. 3. Form factors for excitation of 3- (Q = -2.62 MeV) level in 208Pb 

by 70 MeV electrons. The results of three calculations made with the 

phenomenological transition density are shown. These are Born approxi-

mation (BA) and modified Born approximation (MBa, MBb) results using 

eq. (5a) and eq. (5b), respectively. Eq. (5b) has been used in the 

calculation with the Gillet density. 

Fig. 4. Differential cross sections for the excitation of the 3- (Q = -2.62 MeV) 

level in 208Pb by 248.2 MeV electrons. Eq. (5b) has been used in the 

calculations. 

Fig. 5. Proton scattering cross sections for 3- (Q = -2.62 MeV) level in 208Pb. 

The labeling of the curves is the same as in fig. 2. 

Fig. 6. Theoretical and phenomenological point matter transition densities for 

3- (Q = -2.62 MeV) level in 208Pb. The Gillet density has been multiplied 

by 1:2 to normalize out differences between the proton components of the two 

densities and allow a comparison of differences due to the neutron components. 

Fig. 1· Electron scattering form factors for 2+ (Q = -1.16 MeV) and 3- (Q = -2.39 

MeV) levels in 120sn. 
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Fig. 8. Proton scattering cross sections for 2+ (Q = -1.16 MeV) and 

3- (Q = -2.39 MeV) levels in 120sn. The labeling of the curves is the 

same as in figs .. 2 and 3, but the result obtained neglecting the finite 

size of the proton has not been shown. 



C\1 

CT .......... 
LL.. 

-25-

3- T=O 
Q=-3.73 MeV 

4 °Ca + e 

+ Ee =249. 7 MeV · 

+ Ee =60.3 MeV 

- Phenomenological density 
-. -Gillet density 

Fig. l 

5- T=O 
Q=-4.48 MeV 

XBL 731-2177 

LBL-1626 

./ 
/ 

ll 



3- T=O 
Q=-3.73 MeV 
Ep=25 MeV 

-26-

.... 

~,- T=O 
Q=-4.48 MeV 
Ep=40 MeV 

10~!:-----='::::--------7-.:::---~-·ab--T6-cY -,26-- 140 

Bc.m~deg) 
XBL 731-2183 

Fig. 2 

LBL-1626 



-· 

l .! 
. ' 't-.} t,) ~~ ,.J l 

·; ,, ... '-•• _:! ~ •···~ / 

-27- LBL-1626 

--Phenomenological density 

208Pb+ e 
10

3
. Ee =70 MeV 

-- Gillet density 

3- Q=-2.62 MeV 

• 

16 6~----~~----~----~~--~~~~--~~ 
0.2 0.4 0.6 

q (fm-1) 

XBL 731-2180 

Fig. 3 



-28-

2oapb + e 
Ee = 248.2 MeV 

3- Q = -2.62 MeV 

LBL-1626 

__ Phenomenological 
·density 

--Gillet density 

+ 

+ 

t + 
+ t + t + 

+ 

\ 
/-, 

I \ 
\1 \ 

+ 
t 

t 

1050~· --------~~--------~----~\~--~~ 
Q5 ID 15 

XBL731-2182 

Fig. 4 

! ' ' 



10 

~...-" 
~ \t~ 

I + ~ . ~ 
,-, . \ 

/ ',_ ... -, ~ 
I + \ ~ 

• 't \: . \ -
I 

~ 

/' 

-29-

I 
'I 
I 
I 
I I 
\ I 
I I ,_, 

208pb +p 

3- Q=-2.62 MeV 

Ep = 31 MeV 

1 t II 
~-,, I 

\ '-.:."""' 
\ + ~ Ep = 61.2 MeV 
I t \ 
\ t+ I 
I + \ 
I t \..: 
', , .. , ' - \ \ 

\ + • + \ 

\ ' \ + '-, 
\ .. ~ ... -\ \ 

I + \ 
'. + \. 
-~ -, 
'~ --- \ 

\ \ 
I '- . 

\ -~ 
\ 

' 

Fig. 5 

, __ 
', 

I 

' 

X8L731-2184 

LBL-1626 



t -f() 

I 

E -..__.. 

Q.. 
C\J 
0 

-30- LBL-1626 

3.---~--~--------~------~~------~------~ 

2 

0 

0 

Matter transition densities for 3- (Q= -2~62 MeV) level 
in 208pb 

-Phenomenological density 
--Gillet density 

-......._ 
/ ' I \ 

I '-
I -

I 
I 

I 
......... I 

........... / 
' -./ 

2 4 6 8 
r (fm)--

XBL731-2181 

Fig. 6 

10 



' . 

N 

-3l-

12osn + e 

-----........ ,.,- -........ -
/ ' ............. 

// + ' ' 
2 Q=-1.16MeV ', 

+ Ee:=6Q MeV 
+ Ee=I50MeV 

' '\ 
.\ 

~Phenomenological density 
___ Clement and Sa ranger 

density 

\ 

3- Q = -2.39 MeV 

\ 
\ 

\ 
\ 
\ 

XBL 731 -2179 

Fig. 7 

LBL-1626 



-.... 
(/) 

......... 

..0 

E -
~ 
~ 
0 

-c 

• • -..... 
/ '. I ' • 

I ' t t 
I ' 

-32-

12osn + P 

Ep=31 MeV 

2+ Q =- 1.16 MeV 

/ ' t --/ ...... __ • + -....... 
3 Q = -2.39 MeV 

' '• ' ,. ' . '-~· . .. ........ ". 
' 't • t '-.---"'' 

Bc.m. (deg) 

X 8 L 731-2178 

Fig. 8 

LBL-1626 



r-----------------LEGALNOTICE------------------~ 

This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Atomic Energy Commission, nor any of their employees, nor 
any of their contractors, subcontractors, or their employees, makes 
any warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness or usefulness of any 
information, apparatus, product or process disclosed, or represents 
that its use would not infringe privately owned rights. 



'• . ~ 
TECHNICAL INFORMATION DIVISION 

LAWRENCE BERKELEY LABORATORY 

UNIVERSITY OF CALIFORNIA 

BERKELEY, CALIFORNIA 94720 

.... 




