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Combined Coulombic and magnetic contributions to dispersion in e + '>C collisions
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Dispersion corrections to elastic electron scattering from a '>C nucleus are calculated within the second-order
Born approximation. Three strong transient nuclear excitations are considered, at 4.439 MeV (27), 17.7 MeV
(17), and 23.5 MeV (17). The Friar-Rosen-type Coulomb term is supplemented with the transverse part of the
photon propagator. It is found that the dispersive cross-section changes in the first diffraction minimum reach
nearly 10%, rising more slowly with collision energy beyond 400 MeV. Magnetic scattering can be strong for
the individual excited states and lowers the dispersion effect considerably at energies below 400 MeV. However,
it contributes at most 10% at the higher energies investigated.
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I. INTRODUCTION

The discrepancies between the quantum-electrodynamical
(QED) corrected elastic scattering data in the vicinity of
the first diffraction minimum of the differential cross sec-
tion [1-4] and calculations based on the phase-shift approx-
imation are still outstanding problems [5]. These deviations
are commonly attributed to the virtual excitation of the target
nucleus during the scattering process, known as dispersion.
Such effects were first investigated by Schiff [6] and by Lewis
[7], using a closure approximation for evaluating the sum
over the transient nuclear excitations, together with simple
parametrizations of the nuclear charge distributions and cor-
relation functions.

A more advanced treatment of the dispersion effects, par-
ticularly for the '2C nucleus, was provided by Friar and Rosen
[8,9]. They also used the closure approximation, which was
subsequently improved by some correction terms. However,
they employed a harmonic-oscillator-based model for the re-
sulting ground-state correlation function. There were further
dispersion estimates for '>C at 50-MeV impact by Bottino
and Ciocchetti [10], who avoided the closure approxima-
tion and instead described the transition to excited states in
terms of approximate form factors. De Forest [11] consid-
ered explicitly all nuclear excited states up to the tenth shell,
calculated within the harmonic-oscillator model, but used an
160 target. All these papers considered only the Coulom-
bic contribution in the photon propagators, responsible for
the charge-charge interaction between the impinging electron
and the target nucleus, in order to account for the dominant
contribution.

Magnetic dispersion corrections were investigated by
Goldberg [12] in the case of a helium target. He also made
the closure approximation and treated the helium nucleons
as independent particles, thus ignoring correlation effects.
Moreover, for coping with the integrals, he made an expansion
which is only valid for the backmost scattering angles. By
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considering only one of the transverse terms and only the
convection current, he estimated the magnetic contribution to
elastic scattering to be well below 1%, i.e., much smaller than
the Coulombic contribution to dispersion.

A reinvestigation of magnetic scattering is motivated
by the fact that in nuclear excitation, magnetic contri-
butions can play a role even in the forward hemisphere
[13]. Transverse transitions are particularly important for the
excitation of the giant-dipole resonance [14,15], which ex-
tends in '>C from 15 to 35 MeV [16]. Such excitations
are described by using transition densities calculated within
the quasiparticle random-phase approximation (QRPA) or
with the more elaborate quasiparticle-phonon model (QPM)
[17,18]. These densities consider both convection and mag-
netization currents, as well as the correlation between the
nucleons.

In the present work all transverse parts of the pho-
ton propagator, which are allowed by the requirement of
gauge invariance [12], are retained. Moreover, instead of
employing the closure approximation, the virtual excitation
of two strong high-energy dipole and one quadrupole state
is explicitly considered. This choice is based on investi-
gations where giant-dipole intermediate states, constructed
from particle-hole harmonic-oscillator basis states, were taken
into account [19]. We were also inspired by the predic-
tion [10] that excitations of low multipolarity, in particular,
dipole, will provide the dominant contribution to dispersion
for collision energies well below 1 GeV. And finally, it
was discovered in spin-asymmetry considerations that highly
excited states are extremely important for the dispersion
effect [20,21].

The paper is organized as follows. In Sec. II the theory is
outlined, and Sec. III provides some numerical ingredients.
Results for the dispersion correction at collision energies from
220 to 750 MeV are given in Sec. IV, followed by the conclu-
sion (Sec. V). Atomic units (i = m = ¢ = 1) are used unless
indicated otherwise.
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II. THEORY

The exchange of two photons, as occurs in dispersion,
is described in terms of the Feynman box diagram [4,22].
Only the direct box graph will be considered here. Within the
second-order Born approximation, the transition amplitude
for dispersion is given by [9,23]
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where @ = E; — w, — /(g,¢)* + M3c* + Mrc? is the pole

of the nuclear propagator. In this expression, E; is the total
energy of the impinging electron and M7 is the nuclear mass
number. The contribution from the poles of the electron prop-
agator, which enters into (2.1) in terms of
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is neglected as being of minor importance [9]. Here, k; and k¢
are, respectively, the initial and final momenta of the electron,

which is described by the free four-spinors u,(:" and u (‘T’ )

with spin projections o; and oy [24]. The symbols 8, a, yo, Vo
denote Dirac matrices. The sum over n in (2.1) runs over all
nuclear states with excitation energy o, 7 0, and T/" is the
nuclear tensor component. The four-momenta ¢; and g, from
the two photon propagators are interrelated with the interme-
diate electron momentum p = (w;/c, p) by g1 = k; — p and
g2 = p —ky.

Making use of the gauge invariance, one can
decompose [9,12]
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where gV is the metric tensor, u = 0, m withm = 1, 2, 3 and
4" = q"/|q|. The first term refers to the Coulombic contri-
bution, and the second term denotes the transverse part of
the photon propagator. This leads to the decomposition, using

T =1 ) 8" 8" T pr [24]:
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The fourth term, R, relates to the product of the two trans-
verse parts:
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It is of opposite sign as compared to the first two transverse
terms in (2.4) and will be of importance for nuclear excitations
with a strong magnetic contribution.

The nuclear tensor component 7, oo describes the excita-
tion of the state |n) and the subsequent return to the ground
state |0), mediated by the charge transition density o:

Thoo = (0lo(qy) In){nlo(g)10), n#0.

Since '?C is a spin-zero nucleus, only one multipole L con-
tributes to the excitation of the state |n). Hence [25,26]
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where oy (ry) is the transition density in coordinate space,
calculated from nuclear models (see, e.g., [27]), and Y is
a spherical harmonic function [28]. Equation (2.7) is readily
expressed in terms of the charge form factor Ff,

(nl 2()10)

where Ff(q) = f r]%,drNQL(rN)jL(qu) with j; a spherical
Bessel function [29].

The tensor components 7}, o, and T, ,0 refer to one tran-
sition induced by g, the second one by the current transition
density J = (Jn)m=1,2,3

Thmo = (01 J(q2) |n)(n| 0(q,) |0),
Thom = (0l 0(gqy) In)(n| Ju(q,)|0), n#0.

The components 7, describe transitions where excitation
and decay are due to the current transition density,

Lok = (01J:(q2) ) (n | Ji(q,) ] 0).

Considering excited states with parity (—1)~, the magnetic
transition density in coordinate space is defined by [26,27,30]
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where Y* 7. 1s a vector spherical harmonics [28]. In Fourier
space one gets
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where  the  transverse  form  factor  F/{(q) =
f rl%,drNJL,\(rN) J»(gry) has been introduced. We note that
the sum over #n in (2.1) runs for a given angular momentum
state L also over its magnetic quantum numbers M. Using
completeness, this sum can easily be carried out in the case
of T, 00 [28],

L

> Tioo =47 QL+ 1) Ff(lg:1) Ff (Ig5]) Pu(cos 92),
M=—L
(2.13)

where Pp is a Legendre polynomial and ¢, is the angle
between ¢, and q,.

The differential cross section for the elastic scattering of
unpolarized electrons, including dispersion, is in lowest order
given by [9,23]

do®™ kg 1 1 ) +  +box
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(2.14)

where Atjl‘l?" comprises the four contributions according to (2.4)
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and feou(ojoy) is the Coulomb scattering amplitude, consist-
ing of the direct term A and the spin-flip term B as calculated
within the phase-shift analysis [31]. If u,(:") and u,(;;f ) represent
helicity eigenstates (o = 4 /— for positive/negative helicity),
one has

fCoul(++) = fcoul(__) = A,
Jeoul(+=) = — feou(—+) =i B.

Due to the small mass My of the light '>C nucleus, the
consideration of recoil is important, leading to a final (to-
tal) energy Ey which is smaller than E;. In the first-order
Born approximation for f, where the inclusion of recoil
is straightforward, it leads to a shift of the position of the
first diffraction minimum of the Coulomb cross section to
higher angles. In the phase-shift analysis used here, recoil is
accounted for by using an average collision energy E instead
of E; xin (Where Eyiy = E — ¢? is the kinetic energy),

(2.16)

E = \/E; xinEf xin, 2.17)

adopting the prescription of [32,33]. The application of
(2.17) is important, since only then does the calculated mini-
mum position of the Coulomb cross section, do " /d Q2 =
(A)> + |B|2)|kf-|/(|ki|ﬁec), agree with experiment. This is
demonstrated in Fig. 1 for 431.4-MeV electron impact, in
comparison with the experimental data. The increase of angle
with recoil is clearly seen.

Figure 2(a) shows the position ¥, of the first cross-
section minimum as a function of collision energy. The
displayed data points were obtained by means of spline inter-
polating the measured angular distributions and subsequently
selecting the angle which corresponds to their minimum
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FIG. 1. (a) Elastic scattering cross section for 431.4-MeV
e+ 12C collisions as a function of scattering angle ;. Shown is
docou/dS2; with (— — ——) and without (------ ) the consideration
of recoil in comparison with the measurements of Offermann ef al.
(M, [4]). Included is the total cross section dab‘”‘/de from (2.14)
with (2.15) (——). (b) is an enlarged version of (a).

cross-section value. The change of ¥,, with respect to the
no-recoil Coulombic result, both for theory and experiment,
is explicitly depicted in Fig. 2(b). Also here, the consideration
of recoil improves the agreement with the measurements. The
additional recoil prefactor fi. in (2.14) is given by [34]

q2 Ef ( C2 )
M2\ MrE)

Sree =1 (2.18)

with g = k; — ky the momentum transfer.

Below the integrals inherent in the four contributions to
(2.15) are provided, using the optimum choice of integration
variables. For the Friar-Rosen-type term M7;, corresponding
to the Coulombic contribution in (2.4), the integration variable
is shifted from p to p’ = p — k; = —q, such that ¢, = p’ +

/P2t + M2c* + Mrc? becomes an-

gle independent. Here and below the identification p’ =
1P'l, Tk = Tk and wp, = w, is used. Then (setting e = 1),

g,and w; = E; — wp, —
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FIG. 2. (a) Position ¢,,;, of the first diffraction minimum as a
function of collision energy E; ki,. Shown are the results from the
recoil-corrected ( ) and no-recoil (------ ) phase-shift anal-
ysis. The experimental data are from Offermann and co-workers
(M, [3,4]) and from Reuter et al. (o, [2]). For the datum point
at 690 MeV, see text in Sec. IVB. (b) Angular change A¥y, =
Dmin (E)/ O min (Eixin) — 1 as a function of collision energy in compar-
ison with the respective experimental data points from (a).
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cos ¥y =
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with g +q‘ [(kfcos vty — ki) costty +
kysin®, sinv;cosgy — p'l, where ¥, is the scattering
angle. The z axis is chosen along k;, and the (x,z) plane
contains k; and hence g. One has Ff(q) ~ g* for ¢ — 0,
such that for L > 1 the integrand in (2.19) is well behaved
and can be dealt with as described in [35].!

The same integration variable p’ is chosen for the trans-
verse term M}il, which relates to the second expression

'In Eq. (2.19) of that work, the prefactor 2,/E;E/c? is missing.

in (2.4). With ¢2 =
YoVm = O, One gets
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(2.20)

For the transverse term M}iz, relating to the third expres-
sion in (2.4), the choice p’ = p — ks = g, has to be made,
such that g, = ¢ — p’. Then

1
2r2c ) (@ —p')* AE)/c? —p? +ie
> )" alon + ca(p’ +kp) + B
2:: w} —(p +kp)Pc? —c*+ie

L 3
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ML) =

where w; = E; — w;, + Myc? — \/(q —p')?c? + Mzc* and
AEZ = (a)l - Ef)z.

The integration variable p’ = ¢, for the third transverse

term M’ }33 from (2.5) is taken to be the same as for the second

term, leading to identical expressions for ¢; and w; as in
(2.21). One gets

3 dp' 1
M (L) = 2 f AL, AE 5
o ) (q-p - Tt —ie =3 — p+ie
3 (U/ "o, lw) + ca(p’ + kp)+ ﬁcz]aku(a’
X
rkX::l 0} — (P + kg2 —c* +ie
X Z [Ter_('IlZ Ter
3
_ﬁ/r pr\/m TL,mk
m=1
3 3
+P7 Gy _ar> b TL,,m} : (2.22)
m=1 t=1
with AE, = (E; — a)1)2.

III. NUMERICAL INGREDIENTS

For the determination of the phase shifts, the electronic
scattering states have to be calculated. They are obtained
by means of solving the Dirac equation with the help of
the Fortran code RADIAL of Salvat et al. [36]. The nuclear
potential is generated from the Fourier-Bessel representation
of the ground-state charge density of the '>C nucleus [37].
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The phase-shift summation, required for the evaluation of the
scattering amplitude f.oy [31], is performed with the help of
a threefold convergence acceleration [38].

From the transition densities o, Jpr+1, and Jp 1— (note
that in contrast to excitation by inelastic scattering, no weight
factor ~/47 is attached to the transition densities), the respec-
tive form factors are calculated. With the properties F;(g) ~
g" and F/¢(q) ~ ¢" for ¢ — 0, and with their product entering
into the integrals (2.20) and (2.21) by means of (2.9), the
worst case for convergence, A = 0, is unproblematic with the
present choice of integration variables. M }ef needs special care
but is also convergent.

As for the first transverse term (2.20), its difference to
the Friar-Rosen-type term (2.19) lies in the appearance of an
additional pole p|, from the denominator AE;/c* — p” + ie,
where pj, ~ w;/c. Writing the denominator from the elec-
tron propagator (2.2) in the form F — Gcos#¥, + ie with
w as defined above (2.19), the pathological solutions p|, p)
(with p| < pj) from F = —G can be determined analytically
(avoiding Newton’s method), and one finds nearly coinci-
dence, p| ~ p,. After extracting the singularity cos v, =
F/G in the cos?¥, integral (see [35]) one is left with an
integral of the type (with ¢y — 0)

e P / In |p/ B p/| /
(/ +/ )dp —— f(p)
o piteo P — Py — 1€

[J'l—eo A / 11’1| | — /| /
~ (/ +/ )dp PP pp) - F )
o Piteo p —p) — 1€

/ 1 / 1 / . / /
+f(p1)[—§ In*(p) — )+ 5 In*(B — p) + i In |pf, - plq,
3.1

where pj, = p is used, except in the last term. Note that the
p/-integration interval has not only to be split in p} and p/, but
also in |q|.

The second transverse term (2.21) is much harder, and it is
resorted to the approximation w; & E; — wy (corresponding
to My — o0), such that the pole p; from q% = 0 remains
angle independent and the further singularities attain a simple
analytic form. Then the integrand has the structure

B 2 1
[ —
R

2 1 1
X do,y N,
/0 er D — Ecosgy +ie A+ Bcosgy )

(3.2)

where f(p’) is a well-behaved function, x = cos¥,, and
the denominator A + Bcos ¢, results from (g — P It is
unproblematic if p’ = |q| is avoided. The denominator D —
E cos ¢,y + i€ from the electron propagator depends now both
on ¥, and ¢,,. The pathological solutions x; (p"), x,(p’) from
ID| = E coincide for p, = |\/(E; — w)?/c* — ¢* — |ks| | and
Py = (Ei — wp)?/c? — 2 + k|, again with p, ~ p|, close
to wz/c. One can show that for p’ = p}| and p’ = p), one
hasx; =x; = —cos¥p,and —1 Sx; <xy < lif pj < p' <
P,. The extraction of the singularities requires the following

integral:
/” d 1 . 7 sign(D)
o " D—Ecosgy tic  JDtiey_E°

It is advantageous to split the x integral not only in x; and
Xp, but also in X = (x; + x»)/2. With the help of the formula

(3.3)

1
/dx—
Vaxz +2Bx+y

%[ln (Vayox? +2Bx +y +ax + B) +1n2],
(3.4)

for ¢ > 0 one has, for example, after extraction of the singu-
larities in the x integral, if D(x = —1) < 0,

X 1 1
dx = / 2
1 J(D+ie?—E* 2plkslc

N @ +r)@+p) . n}

sin ¥ 1
x| In =
Il +cosdy 2

P, — PP —p) 2
(3.5)

valid for p| < p’ < p5. For D(x = —1) > 0, the sign of the
last two terms is reversed, and the denominator in the first
term turns into 1 — cos ;. Thereby logarithmic singularities
in p} and p), are produced such that an integral of type (3.1) is
also needed here.

The integrand of the third transverse term (2.22) is identical
to the one given in (3.2), except for the replacement of A by
A" = A — w?/c?, adding —ie. However, the singularities from
A’ 4+ Bcos ¢, = 0 are no longer reduced in strength by the
numerator, such that they have to be extracted in a similar way
as those from D — E cos ¢,y = 0. The pathological solutions
xi(p"), x5(p’) from |A’| = B coincide for p; = g — wy/c and
Py = q + o /c. If one restricts the momentum transfer such
that 1.5 p| < p} < q < pj; < 0.9 p}, which covers the exam-
ples given below, the interval (p5, p}) lies completely inside
(P, p). Thus for p" € (pj, p),) the x-integration interval con-
tains four singularities. For the points p" € {p5, p,} one has
x; = x5 = (ki — kg cos ¥f)/q, and the pathological intervals
[x1, x2] and [x], x;] where the ¢,/ integrand becomes singular
are disjoint, —1 <x; < <x] < x5 < 1. This allows for
a separate treatment of the singularities of the two photon
propagators.

While for the p’ intervals 0 < p’ < p and p, < p' < pliax
(with pl_ .. & 1.5 p}), the same techniques are used as for M }fz
(merely substituting A" for A and using logarithmic integration
steps near p; and p),), the interval p} < p’ < p), requires the
following treatment. Defining the separation point Xy = (x, +
x})/2, the integral is split into two parts, I} + I,

Ph—€o 1 Pa—€o Xo
/ dp// dx f(p, x) =/ dp// dx f(p',x)
Ps+eo -1 Pyteo -1

A 1
I T
Py+eo Xo

In I, the ¢, singularity is extracted with the help of the
integral (3.3), whereas in I, the two denominators of (3.2) are

(3.6)
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FIG. 3. Transition strength B(E1)? for dipole excitation by
means of an electromagnetic interaction with the '>C nucleus as a
function of excitation energy w, up to 40 MeV, calculated within the
QRPA model [16].

interchanged. Thus an equation of type (3.3) comes into play,
with D + ie and E replaced by A’ — ie and B, respectively.

We note that in the intervals —1 < x < x; and x; < x <
Xo, the ¢y integrand is sharply peaked in cos¢, = sign
D/E(x;) = —1, so that this value is extracted even if it is not
a pole. A similar procedure is applied in the intervals ¥y <
x < x} and x5 < x < 1. In the remaining intervals the true
poles at cos ¢,y = D/E, respectively, at cos ¢, = —A’/B, are
used instead. A second extraction of the singularities from the
remainder [i.e., from the right-hand side of (3.3)] is not done
here. Logarithmic integration steps and a somewhat larger step
number are sufficient. We estimate the numerical accuracy of
the dispersion correction to be about 5%.

IV. RESULTS

We will first consider some properties of nuclear excitation
and subsequently discuss the influence of transient excited
states on the elastic scattering cross section. Thereby it is dis-
tinguished between the relative cross-section changes induced
by Coulombic and magnetic transitions.

A. Transition to excited states

At collision energies near 200 MeV and beyond, the im-
pinging electron will rather excite the nucleus than scatter
elastically (except at small scattering angles). In the context
of dispersion, dipole excitations are particularly important. In
fact, the average value of the excitation energy, ® = 15 MeV,
predicted by Friar and Rosen [9] for the use in the closure
approximation, lies in the giant-dipole resonance region. Fig-
ure 3 shows the BE1 strength of the one-phonon 1~ states with
excitation energies in the region between 10 and 40 MeV, as
calculated by Ponomarev within the QRPA model [16]. For
details see, e.g., Ref. [15]. This strength is related to the charge
transition density for natural parity states, 7 = (—1)%, by [29]

2

o0
B(EL, 0+—>L”)=(2L+1)/ rE2dry or(ry)| . (4.1)
0
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_;
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FIG. 4. Differential cross section do /d2; in the first diffraction
minimum of do®" /d2; for the excitation of the 4.439-MeV (L =
2) state (— - — - — ), the 17.7-MeV (L = 1) state (------ ), and the
23.5-MeV (L = 1) state ( ) as a function of collision energy
E; xin. Included is the elastic Coulombic cross section do®/dQ s
multiplied by a factor of 100 (— — — — — ).

There exist two particularly strong excitations, at 23.5 and
17.7 MeV, which will subsequently be used in the sum over
nin (2.1).

In addition to the dipole excitations, there is a well-isolated
2% state at 4.439 MeV, which is the lowest quadrupole exci-
tation in '2C, with strength B(E2,0" — 27) = 39.7 ¢* fm*
[39]. This state will also be included in the sum over n.
Its transition densities are again calculated within the QRPA
prescription and are provided in [40]. Figure 4 displays
the electron-impact excitation cross section for these three
states, calculated from the transition densities within the
distorted-wave Born approximation (DWBA) [30,41]. For
each collision energy, the cross sections are evaluated at the
scattering angle corresponding to the first diffraction mini-
mum according to Fig. 2(a). The quadrupole state with the
lowest w; is the dominant one, while the 23.5-MeV dipole
state is about a factor of 2 weaker than the 17.7-MeV state.
Included is the elastic scattering result do " /dQ, which in
the figure is enhanced by a factor of 100. Beyond 400-MeV
collision energy, the energy dependence of all processes, elas-
tic and inelastic, is very similar.

In contrast to the elaborate DWBA calculation for ex-
citation, the second-order Born theory, used for dispersion,
requires form factors instead of transition densities. They are
displayed in Fig. 5 for the three states under consideration.
Note that the sign of J;, ;| has been reversed according to the
convention of [29]. From Fig. 5(a) it follows that the charge
form factors of the 23.5-MeV dipole state and the quadrupole
state are of the same order of magnitude, while the one for
the 17.7-MeV state is much smaller. In contrast, the magnetic
form factor F}< | [Fig. 5(b)] is considerably stronger for the
17.7-MeV excitation. For the quadrupole state not only F¢
but also F/% | [Fig. 5(c)] is extremely weak.
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FIG. 5. Form factors for dipole and quadrupole excitation by
electron impact on '2C as a function of momentum transfer
|g]. Shown are the results for the 23.5-MeV state ( ), the
17.7-MeV state (------ ), and the 4.439-MeV state (—-—- — ).
(a) Charge form factor F.(|q|), (b) transverse form factor /¢, (Iq),
and (c) transverse form factor F/% _ (Igl).

B. Coulombic dispersion correction

Given the cross section (2.14) with the complete sum
(2.15), the total dispersion correction Aadpex to the elastic scat-
tering cross section from the phase-shift analysis is defined by

do™ /dy

AOD’bOX R —
dO’COUl/de

1. 4.2)

0.12 : : : : :
C
S
E o041} . ]
g sum
S 008 ]
c _
2 006 | |
g
& 004} ]
©
O
3 002} ]
£ -
° e — e —
3 0 p—="""7 17.7 .
-0.02 ' ' . . .

200 300 400 500 600 700 800
Collision energy E; i, (MeV)

FIG. 6. Coulombic dispersion correction at the position of the
first diffraction minimum of do ' /d 2, as a function of collision
energy. Shown is Aoy, from (4.2) (———) as well as its con-

tributions from the transient 23.5-MeV state (— - — - — ), from the
17.7-MeV state (— - - - —), and from the 4.439-MeV state (— — ——).
The Friar-Rosen result (with @ = 15 MeV) is included (-« - - - - [23]).

The experimental data (M) are from Offermann and co-workers [3,4].

In order to distinguish the contributions Aopex (L) from each
excited state, characterized by the angular momentum L and
the energy o, the sum over L in (2.15) is dropped when
inserting (2.14) into (4.2). Since these contributions add in-
coherently due to their linear entry into the cross section, the
total dispersion correction can be written as

Aopox = ZAUbox(L)-
L

(4.3)

Note that the contributing states may have the same L but
different wy .

In order to compare with the Friar-Rosen theory, one con-
centrates first on the Coulombic excitation of the transient
nuclear states, that is, retaining only M¢, in (2.15) while set-
ting the transverse terms equal to zero.

We resort again to the minimum position from Fig. 2(a),
in the vicinity of which the dispersion effect is expected to be
largest [11], to demonstrate the dependence on the collision
energy. Figure 6 shows the contribution of the three selected
states to Aopox. It is seen that at all energies the highest dipole
state provides the largest portion of dispersion, mostly near
6%. In contrast, the quadrupole state furnishes at most 2%,
which is of the order of the Friar-Rosen result. However, it
compensates the decrease of the 23.5-MeV-state dispersion
effect with energy. The contribution from the dipole state at
17.7 MeV is very small (below 0.5%).

A notable feature is the leveling of the dispersion cor-
rection beyond 400 MeV. It is related to the fact that the
excitation probability of the three states increases with E; in
a similar way as the elastic process for such high energies
(see Fig. 4) such that the quotient (4.2) tends to a constant.
Also shown is the comparison of Aoy, With the experimen-
tal data from Offermann and co-workers [3,4], which result
from high-precision measurements. Radiative corrections are
already considered in the data. It is seen that the agreement
with the measurements is greatly improved as compared to
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FIG. 7. Coulombic dispersion correction Acpey ( ) as
a function of scattering angle ¥, (a) at an impact energy of
431.4 MeV and (b) at 690 MeV. Included is the result from the
Friar-Rosen theory (------ [23]). The data points (M) in (a) are
derived from the experimental cross sections of Offermann et al.
[4]. In (b) the data points (M) are those from Kalantar-Nayestanaki
et al. [3], and the other data points (o) result from a reevaluation of
the measurements as described in the text. The dashed lines connect
the experimental points as a guide to the eye. The oscillations at the
larger angles are interpreted as experimental fluctuations.

the Friar-Rosen theory, where closure with @ = 15 MeV is
used [23].

The angular dependence of the dispersion correction for
two impact energies is shown in Fig. 7 in comparison with
experiment and with the Friar-Rosen theory. For the collision
energy of 431.4 MeV [Fig. 7(a)], the maximum value of
Aoyox agrees with the data but is shifted to a slightly larger
angle. The Friar-Rosen theory is far too low at the maximum;
however, it reproduces the experimental increase of Aopex
for ¥y 2 55°, while the present theory is inferior in this re-
spect. Noting that only the L = 2 intermediate state leads to
an increase with angle, in contrast to the L = 1 states (see
Fig. 8 below), this deficiency might result from the omission
of excited states with higher multipolarity.

Figure 7(b) provides the results for Aoy, at a higher en-
ergy, 690 MeV. In accord with Fig. 6, its maximum is around

0.08 . . T . . .

0.06 | " coul 235MeV |
0.04 | 1

0.02

-0.02

Dispersion correction

-0.04

-0.06 L L L L L I L L
35 40 45 50 55 60 65 70 75 80

Scattering angle (deg)

0.04 ——————— .
0.035 | (0) tot ]
0.03 | 17.7 MeV
0.025
0.02
0.015
0.01
0.005

0
-0.005

Dispersion correction

35 40 45 50 55 60 65 70 75 80

Scattering angle (de
0.04 T T : .g ‘g ( g).

tot
0.03

4.439 MeV

0.02

0.01

Dispersion correction

-0.01

35 40 45 50 55 60 65 70 75 80
Scattering angle (deg)

FIG. 8. Dispersion correction Acpe, (L) from 431.4-MeV e +'2
C collisions as a function of scattering angle ¥¢: (a) for the transient
excited L = 1 state at w; = 23.5 MeV, (b) for the L = 1 state at w; =
17.7 MeV, and (c) for the L = 2 state at w; = 4.439 MeV. Shown are
results from the Coulombic excitation (— — — — — ), the magnetic
excitation (— - — - — ), and their sum (——).

8%. For this collision energy, no explicit cross-section data are
available but only the reduced ones, according to (4.2), which
depend on the theoretical estimates of [3] for the elastic cross
section, and which are shown as black dots in the figure. These
data imply a dispersion correction in the maximum, which
is about a factor of 2 higher than our predictions, followed
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by a very deep minimum at angles beyond the diffraction
minimum.

This feature supports the suspicion that in the data re-
duction recoil was not treated properly. We performed a
reevaluation of experiment in the following way. First to each
value of the effective momentum transfer g.s (the abscissa
in the plot of [3]) the corresponding momentum transfer |g|
was associated, using the fact that the measurements extended
from 26° to 36°. This led to a linear relation between g.¢ and
the pertinent scattering angle ¥ ;. Next do*"!/d 2, was calcu-
lated at each such angle ¥, and by inversion of (4.2) the cross
section doey,/dS27(¥r) was reconstructed. Looking at the
angular dependence of these so-obtained experimental cross-
section data in comparison with d oeoul /d 2, a distinct shift of
the experimental low-angle wing by +0.06° was discovered.
(This is slightly lower than the calculated recoil-induced shift
of +0.10°.) To bring the two curves into agreement, each da-
tum point at ¥ was now associated with the angle 9, — 0.06°,
and comparison was made with do®"!/dQ (¢ — 0.06°) to
obtain Aoy.¢ via (4.2). This procedure results in the open
circles shown in Fig. 7(b), the maximum of which is now in
reasonable agreement with the maximum of Aoypey. Only the
mismatch of its angular position is somewhat larger than at the
lower energy. We note that the 690-MeV data points in Figs. 2
and 6 were obtained from these reevaluated data.

C. Magnetic contribution

Magnetic transitions can play an important role in ex-
citation by electron impact. For the collision energy of
431.4 MeV and an angle of 49° (¢ = 1.8 fm™'), magnetic
scattering contributes, respectively, 29%, 52%, and 1% to the
cross sections for the L = 1 (23.5 MeV), L =1 (17.7 MeV),
and L = 2 (4.439 MeV) excitations. Therefore a similar in-
fluence on Aoy Will occur, maybe even somewhat enhanced
by the presence of three magnetic terms (instead of one in
excitation).

The effect of magnetic scattering on the dispersion-
corrected cross section is obtained from (2.14) by setting
Mj‘}i =0 in (2.15). We note that for the highly relativistic

systems considered here, M’fil, M’feiz, and M}? can be of

comparable magnitude. In such a case, M;‘;z and M;ef tend
to compensate each other.

For each of the three transient excited states, the Coulom-
bic and magnetic contribution to dispersion are displayed
separately in Fig. 8. For the L =1 state at 23.5 MeV
[Fig. 8(a)], the transition currents tend to compensate the
influence of the transition charge density, such that the total
dispersion effect is below 2%. In case of the lower-energy
L = 1 state [Fig. 8(b)], the dispersion correction results nearly
exclusively from magnetic scattering, while the L = 2 state
[Fig. 8(c)] shows the opposite behavior.

Whereas magnetic scattering is far from negligible for the
L =1 excited states, the total dispersion correction from in-
cluding the three states is very similar to the dispersion from
Coulombic excitation alone. This is demonstrated in Fig. 9(a)
for 431.4-MeV impact along with the experimental data from
Fig. 7(a). In fact, the total dispersion correction deviates no-

0.1 T T r

0.08 | e 431.4 MeV _
0.06
0.04

0.02

Dispersion correction

-0.02

0.1

0.08
0.06
0.04
0.02

Dispersion correction

-0.02
-0.04

-0.06 ‘ i '
20 25 30 35 40 45 50
Scattering angle (deg)

FIG. 9. Dispersion correction Aoy from (a) 431.4 MeV and
(b) 690 MeV e +'2 C collisions as a function of the scattering angle.
Shown is the Coulombic contribution from Fig. 7 (- - - - - - ), the mag-
netic contribution (— - — - — ), and their sum ( ). All results
include the sum over L in (2.15). The data points are those from
Fig. 7.

tably from the Coulombic correction only at scattering angles
near 45°, in the peak maximum and above 65°.

Figure 9(b) shows the respective result at 690 MeV. Also
for this higher energy the total dispersion correction is very
similar to the Coulombic one, while the total magnetic scat-
tering is small. For the individual transient states, as compared
to Fig. 8, the magnetic contribution from the 23.5-MeV state
is only half as large in the maximum as in case of the lower
collision energy. For the other two excited states the situation
is basically the same as shown in Figs. 8(b) and 8(c).

Figure 10(a) displays the situation in the first diffraction
minimum. At energies below 400 MeV, the inclusion of mag-
netic scattering lowers the dispersion correction considerably
and altogether leads to a stronger increase of Aoyex as the pro-
jectile gets faster. Figure 10(b) furnishes the total contribution
from each of the excited states. The situation differs from the
pure Coulombic case (Fig. 6) in that the 4.439-MeV state is
nearly equally important as the 23.5-MeV state, which domi-
nates the dispersion correction from the Coulombic excitation.
At the lower energies, a large part of Aoy results from the
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FIG. 10. Dispersion correction Aocyox at the position of the first
diffraction minimum as a function of collision energy. Shown in
(a) together with the experimental data from Offermann and co-
workers (B [3.,4]) is the Coulombic part from Fig. 6 (------ ),
the magnetic contribution (—-— - — ), as well as their sum (—
—). All three excited states (L = 1, 2) are taken into account.
Shown in (b) is Aoy When considering w;, = 23.5MeV (— - — - — ),
17.7MeV (--- - ), and 4.439 MeV (— — ——), as well as their sum

(—— ). All four contributions to A;’c‘,?" are taken into account.

17.7-MeV excitation, the Coulombic contribution to which is
completely unimportant.

V. CONCLUSION

We have estimated the influence of dispersion on the elastic
scattering cross section from electron impact on a carbon
nucleus. Since '2C is a light nucleus, we are confident that
the results from the second-order Born approximation for the
box diagram, paired with the partial-wave analysis for elastic
potential scattering, are reliable concerning the influence of
Coulomb distortion effects. Compared to the standard the-
ory of Friar and Rosen for '>C, we have (i) dropped the
closure approximation and instead explicitly considered the
transient excitation to two prominent dipole and one low-lying
quadrupole state by means of accurate form factors available

within the QRPA model. And (ii), we have included the mag-
netic part of the two photon propagators.

By accounting for the transient excitation of the three
prominent states, we found an enhancement of the dispersion
correction as compared to the Friar-Rosen predictions by a
factor of 5 in its maximum region for energies above 300 MeV.

Considering the angular dependence of the dispersion ef-
fect at two sample impact energies, 431.4 and 690 MeV, where
accurate experimental data are available, the experimental
peak height is approximately reproduced (if a recoil-based
reevaluation of the 690-MeV data is made), while the peak
position is at too large an angle as compared to the mea-
surements. Also there is some disagreement in the low- and
high-energy wings. The angular distribution, predicted by the
Coulombic excitation of the transient nuclear states, is only
marginally changed when the magnetic terms are added.

As for the contribution of the individual excited states at
both impact energies, it is found that the 23.5-MeV L =1
state yields the dominant Coulombic part of Aop.x, Whereas
the one from the 17.7-MeV L =1 state is negligible. How-
ever, considering both Coulombic and magnetic contributions,
the 4.439-MeV L =2 and the 17.7-MeV states have equal
shares in the maximum for 431.4-MeV impact, the quadrupole
state taking over at angles beyond the peak. The 23.5-
MeV state furnishes only 2% to Aopex in the maximum. At
690 MeV, the contribution of the 23.5-MeV state in the maxi-
mum has increased to nearly 4%.

In order to systematically investigate the dependence of
dispersion on collision energy from 220 to 750 MeV, we
have studied the cross-section change in the first diffraction
minimum of the elastic cross section where it is largest. In this
geometry, the addition of the magnetic scattering leads to a
steeper increase of Aoy, With energy, yielding up to 9% at the
highest energies. For the slower collisions, the 17.7-MeV state
provides the dominant contribution, its effect being partially
canceled by the consideration of the 4.439-MeV state. Near
500 MeV, all three transient states contribute equally, while
at still larger energies the highest excited state considered
takes over. As compared to the mere Coulombic excitation,
the basic effect of magnetic scattering is a decrease of Aopex
by 30%—70% at energies below 300 MeV.

To conclude, magnetic scattering plays a decisive role
for dispersion in contrast to early conjectures about its ir-
relevance. Although the considered high-energy intermediate
dipole states together with the strong low-lying quadrupole
excitation give a qualitative prescription of the dispersion
correction to the differential cross section, the influence of
transient nuclear states of higher multipolarity is still an
open question. Also, at energies well beyond 400 MeV the
excitation of baryon resonances and intermediate-state pi-
ons, not considered in the QRPA model for the transition
densities, may have some influence on dispersion. Further ex-
perimental and theoretical investigations are needed to clarify
this point.
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