PHYSICAL REVIEW C VOLUME 57, NUMBER 6 JUNE 1998

Parity violating elastic electron scattering and Coulomb distortions
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Parity violating elastic electron-nucleus scattering provides an accurate and model-independent measure-
ment of neutron densities, because Mecouples primarily to neutrons. Coulomb distortion corrections to the
parity violating asymmetry, are calculated exactly using a relativistic optical model. Distortions significantly
reduceA, in a heavy nucleus. However, even with distortions, an experiment to measure the neutron radius is
feasible. This will aid the interpretation of future atomic parity violation measurements and provide funda-
mental nuclear structure information. Coulomb distortions and small differences between neutron and proton
radii could be important for a standard model test*te, *°C, or 0. [S0556-28188)00406-3

PACS numbgs): 24.80:+y, 25.30.Bf, 21.10.Gv

[. INTRODUCTION overlap of electronic wave function with the nuclgughich
at present is only good to about one percent i &sHow-
Parity violating electron-nucleus scattering is importantever, this accuracy may improve in the future. If this is not
for several reasons. First, it provides a test of the standarthe case, atomic experiments may shift to measuring ratios of
model at low energies. Indeed, an early experiment@® parity violation in different isotopes because many of the
was performed1] (with somewhat limited accuragySec- atomic uncertainties cancel. Isotope ratios place much more
ond, it is sensitive to strange quarks in the nucleon ostringent requirements on knowledge of the neutron radius
nucleus. Proposed Jefferson Laboratory experiments hope @&nd how this changes among isotopes. This knowledge is
extract strange quark contributions to the electric form factobeyond present nuclear theory. However, an accurate mea-
of the nucleon from elastic scattering die [2]. Finally, ~ surement of the neutron radius with electron scattering on a
parity violation provides a unique and very clean way tosingle nucleus should still provide an importafist step
study neutron densities and isospin violation in nu¢di towards calibrating a theory of neutron radii differences.

This is because th&° couples predominantly to neutrons.  Electron scattering from a heavy nucleus is modified sub-
[Note, theZ® proton coupling depends on the small factor Stantially by Coulomb distortions. These effects are of order

1—4 sirf Oy.] Za (where Z is the nuclear chargeand will modify the

An accurate measurement of neutron distributions in darity violating asymmetry. However, there are no previ-
heavy nucleus would provide fundamental nuclear structur@usly published calculations. In the present paper we accu-
information. It will constrain isovector terms in the nuclear rately calculate Coulomb distortion effects with a relativistic
matter energy functional such as the surface symmetry erfptical model. The Dirac equation is numerically solved for
ergy. This could be important in astrophysics when one exan electron moving in vector and axial vector potentials. Our
trapolates to unstable very asymmetric nuclei. Furthermore, #rmalism is presented in Sec. Il along with checks of the
measurement of neutron radii will significantly aid the inter- NUMETICS.
pretation of future atomic parity violation measurements. Elastic parity violating asymmetries from several nuclei
The present Cs experiment is accurate to 0[@}%Pushing are shown in Sec. lll. Results are also shown for a variety of
the accuracy of atomic experiments is important as a test dgilectron energies. We conclude in Sec. IV that Coulomb dis-
the standard model and as a search for new physics. Howortions significantly modify the asymmetry. However, these
ever, a 0.1% measurement in a heavy atom will requirére accurately calculated. Even with distortions, the asymme-
knowing the neutron radius to of order 1% (to keep un-  try is very sensitive to neutron densities and an experiment to

certainties in the neutron density from interfering with ameasure the neutron radius in a heavy nucleus is feasible.
standard model test We also conclude that Coulomb distortions are important for

The charge density is known from elastic electron scattera 1% standard model test #iC or *°0 and that such a test

ing. Thus, to determine the neutron radius to 1% requiregnay be sensitive to very small differences in proton and
knowing the difference between neutron and proton radii td1eutron radii.
about 25%. This accuracy is probably beyond that of present
nuclear theory(we comment on this below Furthermore, Il. FORMALISM
neutron radii determinations from hadronic probes suffer ] ] ] o )
from large systematic errors. Therefore, a measurement of N this section we describe our relativistic optical model
the parity violating asymmetry for elastic electron scatteringformalism and discuss a variety of checks on our numerical
should provide crucial information for atomic parity experi- fesults. The electron wave functioh (for scattering from a
ments. spin zero nucleysis assumed to satisfy a Dirac equation

Atomic experiments also depend on atomic the@he R

[a-p+Bm+V(r)]¥=EW. 1)

*Email: charlie@iucf.indiana.edu Here E is the center of mass energy and we neglect other
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center of mass corrections. The total poterii@l) has vec-  (the extent of the datfg]). Near 3.7 fmi'* the error is of

tor V(r) and axial vectoA(r) components, order a percent. The cross section at these large angles is
reduced by many orders of magnitude. This requires that the
(/(r)zv(r)+75A(r)_ 2) scattering amplitude be calculated very accurately: indeed,

more accurately then needed for the forward amgldésee
The conventional Coulomb potential¥swhile weak neutral  below).
currents give rise té\ which is of order the Fermi constant  The code has been checked against plane wave results.

Gg, We multiplied bothV and A in Egs. (1), (2) by a small
factor, say, 0.01. Then the full code was run summing over
Ge many partial waves. Finally the resulting cross section was

Ar)= ZT/ZPW“)- (3 divided by 0.0% and both the cross section aig were

compared to know plane wave results. This check was per-

The weak charge densifyy is closely related teminug the ~ formed both forp,y proportional to the charge densityhere
neutron density(see below and is normalized, for neutron A is linear ing?) and for different neutron and proton den-
numberN and proton numbez, sities. The numerical agreement is very godetter then
0.1% forA,) except for right in the diffraction minima. In the
3 ) minima, the exact result should be different from plane wave
f d*r pw(r)=—N+(1-4sif Oy)Z. (4 results even for a system with the small charge of B.01
This plane wave test is actually more demanding then the
Equation(1) includes terms of all orders ide. This is im-  full calculation because some numerical errors are magnified
portant becausge is large for a heavy nucleus. Equati(i) in comparison to the small interaction.

neglects radiative corrections, which are higher ordegn The spin rotation paramet€}y should be just
and dispersion corrections where the intermediate nucleus is
in an excited state. Q=sin(0®), (©)]

In the limit of vanishing electron mass, it is a simple
matter to include the effects of the axial poten#dl). One  with © the electron scattering angle, up to small corrections
writes the Dirac equation for helicity states wih. =3 (1 of orderm,/E. This is a nontrivial check since we must sum
*ys) V¥, up over all partial waves to calcula®. Equation (8) is
reproduced by our code except at very large momentum
[a-p+V.(N]V.=EV., (®)  transfergbeyond 4 fm * for 2%Pb where the cross section is
also inaccurate
Finally, the only new feature of thd, calculation is a
V. (r)=V(r)=A(r). (6)  Subtraction of the positive and negative helicity amplitudes.
N In practice this is not a problem because the amplitude must
Thus, the positive helicity state scatters from a potenfial be calculated to much better accuracy then a part h(a0
+ A while the negative helicity state scatters frsfar A. To  typical size forA) in order to reproduce the large angle
calculate the parity violating asymmet#y one simply cal- Cross section. Furthermore, many errors cancel in the sub-
culates the scattering amplitudes fgr- A and V—A and  traction. Nevertheless, this can be tested by multiplying just

and

subtracts A in Eq. (3) by 0.1 (keepingV unchangegdand running the
full code. The resulting\, is scaled up by a factor of 10 and
_do, /dQ—do_/dQ seen to agree well with earlier results. This procedure makes
""do, /dQ+do_/dQ" @) the subtraction ten times more sensitive and verifies its ac-

curacy. Note, the code calculates observables to all orders in

We have written a new relativistic optical cogeAsTIC ~ both V and A. In practice,A is small soA, is linear inA.
which numerically solves the partial wave Dirac equationTherefore, the code can be run with almost any valu ef
and sums up phase shifts to calculate the scattering amplia Eq. (3) and the resulting outpuk, scaled appropriately.
tude. From the amplitude it calculates the following observ- Taken together, these four tests check almost all areas of
ables: the unpolarized cross section, the parity conservinthe calculation and give us confidence in our results. In prac-
analyzing poweA, (for an initial electron spin normal to the tice the calculation is no harder then older work for the un-
reaction plang the parity violating asymmetr@,, and the polarized cross section. Indeed, in a helicity basis only very
spin rotation paramete@. This is related to the angle small modifications are needed to include a parity violating
through which the electron’s spin is rotated when it scatterpotential.
from the nucleug7]. The normal analyzing poweX, is of
orderm./E and vanishes in Born approximation. It is very
small, comparable té,. We will discussA, in a future pa-
per. In this section we present results of the cadasTic. We

The numerical details of the code will also be presented iffirst assume the weak densipy,(r) has the same spatial
a later paper. Here we describe some of the checks whictlistribution as the charge densigfr). This allows one to
give us confidence in our results. First the code must reprosee the effects of only Coulomb distortions. Then we show
duce known cross sections. For example, elastic cross seresults for different weak and electromagnetic densities. To
tions from 2%Pb at 502 MeV are reproduced outto 3.7fin  start, we use a simple three parameter Fermi charge density

Ill. RESULTS
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TABLE |. Three parameter Fermi densitig®] p=p[1 ' 7 :
2 _ /
+w(r/R)“1/{1+exd (r—R)/al}. 200 MeV MFT VA -
------------ Plane Wave
Nucleus R a w — —- MFT Plane Wave
fm fm 1x10° + .
“He 1.008 0.327 0.445 B
208ppy 6.4 0.54 0.32 =
5x10° .
for 2%%b from Ref[9], see Table I. This fits all but the back
angle electron scattering data. The weak density is assumed
to be proportional to the charge density,
N . 0.0 50.0 1000 150.0 200.0
pw(r)=— z+45lr? Ow—1|p(r). (99 0 (deg)

FIG. 2. Parity violating asymmetré, for elastic scattering from
licity in notation. we refer to the weak density given by E 12C at 200 MeV vs scattering angle. Plane wave results using
picity otation, we reterfo the weak density given by £q. .o avistic mean field densitigsvhich are slightly different for neu-
(93 .as being equal to the charge dens%. trons and protonsare the dashed curve while the dotted curve is a
Figure 1 shows the_asymmetAﬁ for ) %Pb versus mo— plane wave calculation assuming equal neutron and proton densi-
mentum transfeq both in a plane wave impulse approxima- ties. Finally, the solid curve is a full distorted wave calculation

This satisfies the normalization condition of E4). For sim-

tion where, based on relativistic mean field densities.
_ Geg® |[N 2
A= magie||z TAST w1 (9 pw(r)=f A’ Ge(r—r' N[~ pa(r")
and then including full distortions at electron energies from +(1—4sirf Oy)pp(r')]. (10

502 to 3000 MeV. Coulomb distortions are seen to rediice . "
substantially, especially in the diffraction minima. As the Herep, andp, are point neutron and proton densities and
energy increases, the effects of Coulomb distortions do ndf® electng form_/tactqr of the proton s approximated
decreasgvery much instead there is a slight shift in the Ge(r)=(A%/8m)e™"" with A=4.27 fm™". This neglects
position of the diffraction minima to higher momentum Strange quark contributions, the neutron electric form factor
transfers. We conclude from Fig. 1 that Coulomb distortions2"d meson exchange currents. It also assumes good isospin
must be included for parity violation in a heavy nucleus. for th(_a nucleon. For S|mpI|C|ty, all calculations in this paper
Figure 2 shows\, for 2C at 200 MeV. This is the energy US€ sirf®,=0.23 for the Weinberg angle. _
of the original BATES experimenftl]. This figure uses a  1he dotted curve in Fig. 2 assumes EE) while the
relativistic mean field moddlL0] (MFT) for the charge den- dashed curve uses the MFT weak density. Both of these are

sity. For the MFT we approximate the weak density as plane wave calculations. Finally, the solid curve uses the
MFT weak density and includes Coulomb distortions. In the

MFT the protons have a slightly larger radius then the neu-
trons because of Coulomb repulsion. This small change in
radius can lead to a large changeftinat back angles. At the
30° angle of the BATES experiment the MFT plane wave
calculation is about 1% above the equal density plane wave
result. Coulomb distortions increase by another 2%. Thus
the full calculation is about 3% above the original prediction.
This change is smaller then the BATES error. However, it is
large compared to a possible 1% standard model test.
1 We conclude that Coulomb distortions must be included
in a 1% standard model test dC or O (indeed Fig. 3
shows similar results fot?0). However, we have calculated
Coulomb distortions accurately so they should pose no prob-
lems for the interpretation of the experiment. We also see
0.0 1.0 B 2.0 3.0 that isospin violationsmall differences between proton and
a (fm’) neutron densitigsis significant especially at back angles.
FIG. 1. Parity violating asymmetr, for elastic scattering from 1 NiS Correction involves some nuclear structure uncertain-
208 ys momentum transferassuming “equal” weak and charge ti€s. Thus isospin violation may limit a standard model test
densities(which are taken to be three parameter Fermi functions to small momentum transfers.
see Eq(9). The dotted curve is a plane wave approximation while ~ Figure 4 showsA, for *He at 850 MeV. We assume a
full distorted wave results at 502 MeV are short dashed, 850 Me\three parameter Fermi charge density, see Table I. For this
long dashed, and 3000 MeV solid curves. light target, Coulomb distortions are only important in the

T T 7 T

—— 3000 MeV
——- 850 MeV
---- 502 MeV
............ Plane Wave

2x10° |

1x10° +
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4x10° . ; — 4x10° . .
——————————— Plane Wave ,l }
—— MFT 850 MeV L r=r,
s | —— ~ MFT Plane Wave /A —  MFT
3x10° A . - ——- Scaledr, ]
| :
< ‘ <
2x10° 1 2x10°
1x10° 1 -
0 1 L 1 1 1 0 1 1
0.0 10.0 20.0 30.0 40.0 50.0 0.0 5.0 10.0 15.0
0 (deg) 0 (deg)

FIG. 3. Parity violating asymmetr, for elastic scattering from FIG. 5. Parity violating asymmetrg, for 2°%b at 850 MeV vs
180 at 850 MeV vs scattering angle Plane wave results using Scattering angled. The dotted curve uses equal weak and charge
relativistic mean field densitiggvhich are slightly different for neu- ~ densitiegassumed to be three parameter Fermi funcliarsle the
trons and protonsare the dashed curve while the dotted curve is asolid curve is based on relativistic mean field densities. Finally the
plane wave calculation assuming equal neutron and proton densiashed curve assumes three parameter Fermi densities, however,
ties. Finally, the solid curve is a full distorted wave calculation the weak density has been stretclwith A\=0.9502 see Eq11)]
based on relativistic mean field densities. to give the same difference in radij—r, as the relativistic mean

field densities. These densities are shown in Fig. 7. Note, all curves

diffraction minima. The solid curve is for a neutron density " this and latter figures include distortions.

arbitrarily 1% smaller then the proton density. This change _ _ _ _ _
in r, is somewhat bigger then theoretical estimates. HowiO the dimensionless quantityr with r the nuclear radius.
ever, there is great sensitivity to small changes in the neutrofhus the derivative of the cross section with respectatso
density. An accurate microscopic calculatiorrgf-r, using ~ vanishes at the same point. This implies that the cross section
a Greens function Monte Carlo or some other method is vernd asymmetry will be insensitive to small changes ior
important. r,—rp. This minimizes the sensitivity to isospin violation.
We note that the solid curve crosses the dashed curve juktowever, the sensitivity is large at other momentum trans-
beyond 50°. This is near the second maximum in the fornfers. e o
factor and corresponds to the kinematics of a planned experi- Results forA, in 2*Pb at 850 MeV are shown in Fig. 5 at
ment[2]. At this momentum transfeq the derivative of the ~forward angles and in Fig. 6 at backward angjetote, all of
cross section withy goes to zero which reduces some sys-the curves in these and remaining figures include Coulomb
tematic errorgsuch as those from helicity correlated changesdistortions] The dotted curve assumes a three parameter

in ). One can think of the derivative as being with respect~ermi charge density and equal weak density. The solid
curve uses relativistic mean fieldMFT) [10] charge and

, weak densities. The large difference between these curves

/ indicates a strong sensitivity to the neutron radiusrgr
I Plane Wave. r r /| —r,. Finally, the dashed curve assumes the weak density is
— — - 850 MeV, rn;rp" ’ a scaled(stretched version of the(three parameter Fermi
—— 850 MeV, r,<r, Y charge densit
ax10” ’ 7 ] 9 y
< L i
____________ et
s ax10°F  —— MFT
2x10" ¢ i ——- Scaledr,
<
0 L ! .
0.0 20.0 40.0 60.0 2x10” -
0 (deg)
FIG. 4. Parity violating asymmetr, for elastic scattering from
“He at 850 MeV vs scattering angle Plane wave results using I
equal weak and charge densiti@ssumed to be a three parameter
Fermi function are the dotted curve. Distorted wave calculations 0

with equal weak and charge densities are dashed and the solid curve 0.0 10.0 20.0 30.0

includes distortions assuming the proton radius is 1% larger then
the neutron radius.

6 (deg)

FIG. 6. As in Fig. 5 except for larger scattering angles.
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0-10 T T T 0-10 T T T
...................... , Weak
0.08 , 008 ) e —— E+M. Charge y
e 0.08 o ] 7 006 i
z z
3 004 . 3004} .
""""""""" 3p Fermi
—— MFT
0.02 - — — -~ Scaled 3p Fermi i 0.02 i
0.00 : : : s 0.00 : ‘ TR
0.0 2.0 4.0 6.0 8.0 10.0 0.0 2.0 4.0 6.0 8.0 10.0
r (fm) r (fm)
FIG. 7. Densities 0f°®Pb vs radius . The lower two curves are FIG. 8. Densities of'*®Ba vs radiusr for a relativistic mean

charge densities: the solid curve is the relativistic mean field resulfield calculation[10]. The solid curve is minus the weak density
[10] while the dotted curve is a three parameter Fermi fit to elastiovhile the charge density is dotted.
scattering. The upper three curves @mginus the weak density.
Solid: relativistic mean field, dotted: three parameter Fermi charge .. .
density normalized as in E¢Q), dashed: thisFt)hree parameter Ferm? yveak an.d charge dengltles f&tBa anq !:Ig' 9 presents par-
stretched by, =0.9502, see Eq(11). ity V|9Iat|ng asymmetries. The sensitivity to the neutron ra-
dius is large, comparable to Pb.
Alternatively, one may be able to accurately calibrate
A3p(AT). (11)  nuclear theory with a measurementrgf-r, in **Pb and
then use theory to interpolate to other nuclei of interest in
atomic physics. In a future paper we will discuss both the
The scale parameter=0.9502 is chosen to reproduce the absolute errors in nuclear theory and the relative errors in
MFT r,—r,. These various densities are shown in Fig. 7.going from one nucleus to another. It should be possible to
Root mean square radii are collected in Table Il. The goodhchieve the needed 1% relative error. Thus one may be able

agreement between the dashed and solid curves in Fig. 9 understand bulk neutron radii throughout the periodic
indicates that a forward angle measurement is primarily senable with only a single measurement.

sitive to the neutron radius and not to shell structure in the From a nuclear structure point of view alone, an obvious

density (see Fig. 7. The scaled three parameter Fermi den-choice is2°%b since this is such a good doubly closed shell
sity is very different from the MFT at smail. nucleus with a simple structure, a high first excited state, a
The nucleus'®®Ba provides a meeting ground between |arge cross section and a large neutron excess. We also show
nuclear and atomic physics. There is interest in an atomin Figs. 10 and 11 predictions fdfCa since this nucleus has
parity violation experiment on the Ba ion. At the same time, a large fractional neutron excess. Again, there is a large sen-

138Ba has a relatively simple nuclear structure and a largeitivity to the neutron radius. However, the cross section for
gap of about 1.5 MeV to the first excited statelnfortu-  48Ca is smaller then fof°%Pb.

nately Cs isotopes have relatively complicated nuclear struc-
ture and low first excited statgsThus Ba may be a good

N .
pw(r)=— 5 +4 sirf Oy —1

place to measure both the neutron radivih electron scat- 1.5x10° ' '
tering and atomic parity violation. Figure 8 shows MFT
TABLE Il. Root mean square radii for densities used.
1x10° |
Nucleus Density Charg€ém) Weak (fm)
“He 3p? 1.717 1.717 <
1z MFT 2.504 2.477
150 MFT 2.753 2.720 5x10° |
“Ca MFT® 3.419 3.667
1384 MFT 4,797 5.038
208pp Ko 5.490 5.490
3p (A=0.9502) 5.778 o , ,
MFT 5.456 5.744 0.0 100 20.0 30.0
0 (deg)
&Three parameter Fermi function, see Table I. METrelativistic FIG. 9. Parity violating asymmetrg, for 1*8a at 850 MeV vs
mean field theory densities from R¢LO]. scattering angled. The solid curve is based on relativistic mean

bDensities for*®Ca include a small correction from a nonzero neu-field densities while the dotted curve assumes equal weak and
tron electric form factoGg . charge densities.
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8.0
------------ Fig. of Merit
_ — (F. of M.)*(dA/R)
9.0 |
4x10° | 5
5
. 7 5 100 -
[
.
2x10° | )
41.0
0 . ‘ s ‘ 12,0 ‘ :
0.0 10.0 20.0 30.0 40.0 50.0 00 >0 e e
0 (deg) d o
FIG. 10. Parity violating asymmetr, for “Ca at 850 MeVvs  FIG. 12. Figure of meri(dotted curvé (differential cross sec-

scattering angles. The solid curve is based on relativistic mean tion tirr;gs asymmetrp, squarediog,oin mb/Sr vs scattering angle

field densities while the dotted curve assumes equal weak anfl for ***Pb at 850 MeV. The solid curve is the figure of merit

charge densities. multiplied by the logarithmic derivative of the asymmetry with re-
spect to the neutron radifsee Fig. 13

We now discuss the optimal kinematics for an experiment

on 2°%b. The figure of merit, value of 3.2 means that a 3.2% measuremen#otould
determine the neutron radius to 1®#oother uncertainties are
F=A2do/dQ, 12  smal.

The product of the figure of merit and the logarithmic

derivative is also shown in Fig. 12. This is large whée
can be accurately measured and is sensitive to the neutron

dius. The first maximum in this produgtear 4 is about

0 times the second maximugnear 12j. Figure 12 is for a
ed beam energy of 850 MeV. Results can be approxi-
ately scaled to other energi&sby multiplying the cross
section(at fixed momentum transfeby (E/850 MeV)?.
Y For example, an experiment at a fixed laboratory angle of

is shown in Fig. 12 for 850 MeV. This is strongly forward
peaked since the cross section falls rapidly with angle. Thu
experiments may only be feasible at forward angles. Figure
suggests one is sensitive to the neutron density at scatteri
angles near 6° and 12° in the lab. This is made quantitative ipn
Fig. 13 where we plot the logarithmic derivative of the asym-
metry with respect to the scale factor of the neutron densit
N of Eq. (11) (equivalently with respect to the neutron ra-

diug) 6° is illustrated in Fig. 14. Note, this is an approximate figure
' since it is based on distortion calculations at 850 MeV scaled
to other energies. However, it should provide a good first

din A _ L( ﬁ) (13) orientation. A measurement at 6° is possible in Hall A at

drx  AldN ) Jefferson Laboratory with a septum magnet. Figure 14 has

local maxima near 730, 1720, and 2600 MeV. The product of
Note, this is evaluated at=0.9502. Thelogarithmic de- the figure of merit times the log derivative is a factor of 3.8
rivative peaks around 3.2 near 7° and around 10 near 14°. AL5) lower at 1720(2600 MeV than at 730 MeV.

0.10 . . 30.0 . .
0.08 [~ .
200 .
@g 0.06 _ z
=4 <
g 0.04 1 °
10.0 - 1
0.02 1 A
0.00 : : i 0.0 : :
0.0 2.0 4.0 6.0 8.0 0.0 10.0 20.0 30.0
r (fm) 6 (deg)
FIG. 11. Densities of*®Ca vs radiug for a relativistic mean FIG. 13. Logarithmic derivative of the asymmetfy with re-

field calculation[10]. The solid curve is minus the weak density spect to the neutron radius f6?%b at 850 MeV vs scattering angle
while the charge density is dotted. 0.
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-8.0 ' nucleus is feasible. Possible targets incl@®b because of
,,,,,,,,,,,, Fig. of merit its simple structure, good closed shells, and large neutron
—— (F. ot M) * (dA/dR) excess or'*Ba because of the overlap of atomic physics
interest and a relatively simple nuclear structure. It is
straightforward to optimize the kinematics of such an experi-
ment. However, one must include the large effects of Cou-
lomb distortions. One possibility for%Pb is to measure
around 6° and an energy near 750 and/or 1700 MeV. We
would be happy to provide more detailed calculations upon
request.

Future atomic parity experiments will require accurate
knowledge of the neutron radius. In a future paper, we will
explore how a single good electron scattering measurement,
coupled with the many constraints of nuclear theory, should
be enough to predict the neutron radius to 1% for all closed
shell nuclei. Note that determining small differences between
FIG. 14. Figure of merit, dotted curve, vs beam energy for disotopes is clearly more demanding. However, an under-

fixed laboratory scattering angle of 6° f8#Pb. The solid curve is  gtanding of bulk neutron radii is still an important first step
the product of the figure of merit times the logarithmic derivative of towards a theory of isotope differences.

the asymmetry with respect to the neutron radius. Note these curves A measurement of the neutron radius will also provide

are approximate. They are based on distortions calculated at 83),, 43 mental nuclear structure information. It would be the
MeV and assumed independent of energy. first accurate and model-independent measurement of the
size of large hadronic systems. Note that the size does not
Gollow directly from the charge radius because of the neutron
skin. The measurement will provide important constraints on

-9.0 -

-10.0 -

log,, F. of Merit

-11.0 -

12,0 : ‘
0.0 1000.0 2000.0 3000.0

Beam Energy (MeV)

A measurement near 730 MeV is insensitive to possibl
uncertainties in the surface thickne&s the neutron den-

sity). However, the surface thickness may be well knOwnthe isospin dependence of the nuclear matter energy func-

from theory vx;here |t1|$2ccc))r|1\jtr\e;ujed by the su_rtf_aceterlﬁrgy. ’%ional and should constrain parameters such as the surface
measurement near ev Is more sensitive to the ne symmetry energy and/or the isovector incompressibility.

tron radius(see Fig. 13so it may be less sensitive to other We have found that Coulomb distortions are also impor-
; tant for a 1% percent standard model test'fic, or €O.

ment. Small differences between proton and neutron radii are
also important for elastic experiments involvirfigle, *°C

and %0. Microscopic calculations of the difference between
neutron and proton radii ifiHe or *°0 would be very useful.

single accurate measuremdnather than two less accurate
ones.

IV. CONCLUSIONS
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