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It is shown that information about the nuclear electromagnetic-transition vertex derived
from experimental inelastic-scattering cross sections for electrons may be used to evaluate
the nuclear-polarization (dispersion) corrections to the levels of muonic atoms. A model-

independent result is obtained for the contributions of discrete nuclear states.

The most

important systematic features of nuclear-excitation spectra, the giant-dipole resonance
and the quasielastic peak, are considered in detail. The Goldhaber-Teller model is used

for the former, and a simple~harmonic-oscillator shell model for the latter.

Numerical

estimates are obtained for total level shifts of low-lying muon states in nuclei with closed

(harmonic-oscillator) proton shells, using closure approximation for the muon.

The muon

closure energies are considered in detail. It is felt that the results obtained are probably

accurate to a factor of 2.

The shifts are estimated to be several keV for the 1s state in

heavy nuclei, and somewhat less (a few tenths to about 1 keV) for the 2s and 2p states.
These shifts are significant in comparison to the present accuracy of measurement of
muonic x-ray spectra, and should be considered in calculations to fit nuclear-charge dis-

tributions.

1. INTRODUCTION

In 1949, soon after the properties of the muon
began to be understood, it was realized that this
particle could be very useful as a probe in measur-
ing the electromagnetic properties of nuclei.! The
muon has no strong interactions; in fact, except
for the weak interactions permitted by its 200
times greater mass, it seems just a heavy elec-
tron. In particular, muonic atoms can be formed
in exact analogy with electronic atoms. Because
of the mass ratio, the muonic Bohr orbit is g
that for an electron, so that for heavy nuclei such
as lead (Z=82) a 1s muon spends about one-half
its time inside the nucleus, which is quite trans-
parent to it. This makes the energy levels, and
therefore the transition energies (which are in the
x-ray range), very sensitive to the nuclear-charge
distribution; for example, the binding energy of a
1s muon in lead is reduced by almost half from the
point-Coulomb value by the finite size of the nucle-
us.

A few years later the x-ray spectra of several
muonic atoms from titanium (Z =22) to lead (Z =82)
were measured by Fitch and Rainwater. 2 These
were analyzed to find the radii of the nuclear-
charge distributions, and gave R~1.2A/3 F —
markedly smaller than the then accepted R~1.4
- 1.5A'3F. A companion paper by Cooper and
Henley® showed that this difference was almost
certainly not the result of any neglected effects.
There had been earlier suggestions of an electro-
magnetic radius of about this size,* and the elec-
tron-scattering experiments of Hofstadter et al.5
gave rapid confirmation.

These two methods, muonic x-ray spectra and
elastic electron scattering, have become the
standard tools in measurements of nuclear-charge
distributions.

With subsequent improvements in experiment and
theory (in particular, inclusion of vacuum-polariza-
tion effects corresponding to excitation of virtual
electron-positron pairs) agreement between the

bl

two methods has become extremely good, and de-
tailed enough to fit several parameters of the
nuclear-charge distribution. The most familiar
form used is the Fermi distribution

o(#) =p, {1 +expl(r-¢)/a] }-1 , (1.1)

with ¢~1.1243F, a=0.5F. (1.2)

Occasionally muon and electron experiments give
results which appear to differ outside of experi-
mental error. There seem to be two possible ex-
planations:

(1) The two experiments are sensitive to differ-
ent aspects of the charge distribution, and we may
be fitting a distribution which is not really appro-
priate. As Elton said at Williamsburg:® “The
Fermi distribution is not God given, it isn’t even
Fermi given,” and quite good fits can also be
gotten with shorter-tailed distributions such as
that generated using the shell model in a Saxon-
Woods potential.” Such a distribution is clearly
more reasonable physically than the simple Fermi
shape.

(2) The two experiments are really measuring
different distributions, because the electromag-
netic fields of the muon or the electron distort
the nucleus — presumably differently. These ef-
fects are referred to as “nuclear-polarization
corrections, ” and have been called by Ravenhall®
“the largest contribution to the uncertainty in the
theoretical predictions. ”

Before we can draw any conclusions about (1) we
mus* put some limits on (2).

Nuclear polarization was one of the possible ef-
fects considered by Fitch and Rainwater.? They
estimated that the effects were less than 1.2, 13,
and 60 keV for the 1s states of aluminum (Z =13),
copper (Z=39), and lead (Z =82), respectively.
These estimates were deliberately rather high,
and more recent calculations have reduced them
considerably, to something like 1 to 10 keV for
the 1s state of lead or bismuth. Contributions
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171 LEVELS OF MUONIC ATOMS 165

have been estimated for the nuclear core and col-
lective excitations, %!° and for valence nucleons
such as the odd proton in bismuth 209.1! Until
about 1964 these effects were totally negligible:
the Nal scintillation detectors then in use had res-
olutions no better than a few hundred keV. With
the introduction of the Ge(Li) detector, resolutions
have been improved by two orders of magnitude,
producing a considerable revival of interest in
muonic x-ray spectra. Transition energies may
now be measured with a precision of 1 keV or bet-
ter so that nuclear-polarization effects, while
small, should still be observable and must be con-
sidered if we are to benefit from the full accuracy
of the experiments.

One case in which the effect is much larger is
the so-called “dynamic quadrupole effect” in nu-
clei with low-lying rotational bands of energy com-
parable to muonic fine structure. !?:!® In this case
the levels are strongly mixed, and a large quadru-
pole splitting (100 keV or more in favorable cases)
can be observed, even in nuclei with zo ground
state electric-quadrupole moment.

Our aim will be to estimate the remaining nucle-
ar-polarization shifts — particularly core effects -
for the ground state and for excited states as gen-
erally as possible., We attempt to evaluate the
most important contributions in what is in principle
a model-independent way, by observing that the on-
ly unknown quantity in the problem is the nuclear
electromagnetic vertex, about which a great deal
is already known from inelastic electron scattering.
The actual calculations will be somewhat schemat-
ic, using typical average properties of nuclei
rather than those appropriate to some particular
nuclei. The results are still approximate enough
(probably at best a factor of 2) so that more detail
seems unjustified, and the use of average param-
eters is intended to aid interpolation to intermediate
nuclei. A preliminary version of part of this work
has been published previously. 4

As an aid to visualizing the situation, we give
in Table I some approximate values of sizes and
energies for muonic atoms, and their relations to
electronic atoms.

2. THEORY

An exact solution of the muonic-atom problem would require diagonalization of the total Hamiltonian of

the coupled system of muon and nucleus

H=H0N+tp.+Hem s

(2.1)

where I}ON is the total nuclear Hamiltonian, ;M is the muon kinetic energy, and ﬁem is the electromagnetic
interaction of muon and nucleus. This interaction is given by

£
e

~

A 3»} -\ A 3 ~ 2 '? re
A, =-efa’x] ®A%(x)=-c [a (6, 6-j-A) .

(2.2)

LAa= (K, ¢) is the electromagnetic potential of the nucleus. It is convenient to work in the Coulomb gauge,

v-X =0, separating the three vector J into longitudinal and transverse parts, defined in general by

- =T -

=T

L - -

v=ol4gk ¥xBLloo, ¥-9T-0. (2.3)

Then the potential is related to the nuclear current by
24 - < :T
Vig=-epy, OA=-eJ” . (2.4)
TABLE I. Sizes and energies of muonic atoms.
Z ~80
Ratio to Point Extended
Quantity electronic atom Z=1 nucleus charge
(r“>lsmoc (mz)~! (200)~! 260 F ~3 F ~TF
Nuclear radius ~2F ~7F
Binding energy 200 3 keV ~20 MeV ~10 MeV
€., cmZ?

1s

Fine structure, 200 0.01 eV 150-200 keV
2p, cc mZ*
Hyperfine M1 splitting o m?Z* (200)* ~2 keV
Hyperfine E2 splitting oc m?Z3 (200)° ~10-100 keV
(deformed)

Vacuum polarization, (1s), <Z'm 200 ~80 keV

4 /m ~200.
u' e
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This assumes a local nuclear current, but does not further restrict its form. What has been done is to
separate the electromagnetic interaction into an instantaneous Coulomb part and a retarded transverse part,
In lowest order, we may replace the nuclear current by its ground-state expectation to get

ﬁemozwlﬁem o), (2.5)

where 1 0) is the nuclear ground state. The most important part of ﬁemO is a spherically symmetric
Coulomb well

Vo=-afdx p,@ny faq [ay [ofp Glo)/|%-F] . (2.6)

There may also be nonzero (even) electric- and (odd) magnetic-nuclear- moment terms, but we will neglect
these for simplicity, imagining them to be treated if necessary by a separate perturbation calculation.
We can now write, in anticipation of a perturbation expansion,
A~ _ ~ A~ ’ A _ A -~ ~
H_HO+H s HO'H0N+tu+ VC .
A’ is simply the coupling to the nuclear transition current, and is responsible for the nuclear polariza-
tion. It has diagonal matrix elements equal to zero, ' and off-diagonal elements equal to those of Hgpy,
since {0l Hern! 0) is a nuclear ¢ number.

m=a, -a_ [0, (2.7)

1| ft AN _ fj N AN B U
(W |H' [Ny =N"|B <0$Hemlo>|1\> (N [Hem|N) , N'#N. (2.8)

ﬁo does not couple nuclear and muon coordinates (VC is a nuclear ¢ number), and the unperturbed solu-
tions are therefore direct-product states |yIM)tnljm), where

HoylvD = E [v1), (i, + V)| ntjm) = €l | ntjm) . (2.9)

We should really consider states of total angular momentum fz—f{j. [this is the lowest-order effect of the
nuclear- moment terms omitted in (2.5)],

|y, nlj; FMp) = 2 (IMjm[IjFMF)]yIM)[anm>.
Mwm

For simplicity we will average matrix elements of any operator in the coupled system over hyperfine struc-
ture by taking (27+1)-1(2j+1)"2] p(2F +1). The orthogonality of the Clebsch-Gordan coefficients shows
this to be equivalent to individually averaging over nuclear and muon orientations by taking (21 + 1)~ 57(2j
+1)-'2, in the uncoupled basis.

Since’%’lhg diagonal matrix elements of A’ are zero, the first contribution to the energy comes in second
order in A’. The retarded nature of the interaction makes it natural to use Feynman perturbation theory;
the two graphs which contribute are shown in Fig, 1, where the nuclear vertex is understood to have no
diagonal matrix elements. (The analysis may be performed in time-ordered perturbation — with the same
results —, but it i$ necessary to treat Fig. 1 as fourth order in the interaction of the currents with the
electromagnetic field, and allow intermediate states to contain real photons. There are clearly many
time-ordered processes. )

The energy shift is just the real part of the diagonal matrix element of the transition matrix 7, which
is related to the scattering matrix S by

S - 277z'6(EF—E )T (2.10)

F17%F7 I'“FI*
SFI1 may be written down directly from Fig. 1 using the Feynman rules for an external field representation!”
as
2,4 4 4 4 (x — -
SFI(Z) = - (47a)” [a xy d xgd xgd xy §2) up(xAL - xz)D 1)0(963 - xl) +Dlw(x3 xz)D Vp(x4 xl)]

- o € e co € v . (2.11)
X \I'O(xz)l"ulsF (xz, xl)TV‘IIO(xl)tZ)i(xLl))/szF (x4,ﬁ3)70<bi(x3)
Here ¥ is a nuclear wave function, and ¢ is a muon wave function. Sp€ is the external-field Feynman
propagator and Dy g the electromagnetic propagator. T’y is the nuclear-transition vertex (equal to the
total vertex but with diagonal matrix elements equal to zero).

Since the muonic atom is not very relativistic, we will use the nonrelativistic limit of the Feynman
propagators

e - iEnt

. n_ *(a?V0 (4 _ 41 o (F
iSp (%, x )—Enl/)n(x)d)n (x"o(t—t"), zl)n(x) zbn(x)e . (2.12)

for both the muon and the nucleus. This is “nonrelativistic” in the sense of omitting particle-antiparticle
pairs in time-ordered perturbation theory, where they are high-energy excitations (twice a particle mass)
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FIG. 1. Diagrams contributing to nuclear polarization
in lowest order.

and correspondingly unimportant.
We will also separate the electromagnetic propagator into Coulomb and transverse parts
T
D=0 +D" (x), (2.13)

where the nonzero components are

4 iqx 4 igx . q.4q.
C d e T d i .
I D. (%)= q e <5..-——1>; ,i=1,2,3. (2.14)
00 ¥ (2t qz—in’ T4 & @n)tqz-mm \'¥ G° b5

Use of the Fourier transform of the 0 function
0(z) = (2171')—1 f_cooods eZSt/(s— ia) (2.15)

allows us to do the time integrals in Sgy, getting a 6 function for each. The spatial integrals all have the
form

Ja®eBy @ b, @ X g (@) (2.16)

and 64 — q4¢j/141% in DT just projects out the transverse parts of both currents. We then identify

=— (4na) NZ;O%f(zﬂ)sf(ZH f2wz AE+w—wl
x{(Ae_w—ia) [pN(q )ONP (_ar)in/ql _ET(a')ON--]rT(_"') /(q -w —’Ln)]

X [py@gp, (- D, /4" = T @y TT - T,/ - P = im)]
+(Ae+w—ia)” [pN(&')ONpu(— c‘;')ni/q' - 3T(q')0N - q*')m'/(q'2 — w2

X oy @ P - D@ - T @y - T D, /a2 - = im]}, (21

where AE=EN- Eg and A€ =€y~ €.
It is convenient to make a multipole expansion of the Fourier transform of the currents into angular-
momentum components, using the Coulomb and transverse-multipole operators defined by*®

@) =15 J2%xi lax) ¥ (2 B

~

1 K~ Tt = 3 .
Tt @=i%a 7 [ xTx (i 0¥ e U@D1 T B, (2.18)
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~  ma, Kr3 . .\
TKQ &q) =i fa ij(qx)YKK1

and m KQ> i KQel’ and 7 KQmag similarly defined for the muon. Here
- Q - -
Yixr” =Lp g KM Im | KIKQ)Y (@ ), (2.19)

Uq)- i@,

and the &, are related to an orthogonal right-hand triple of unit vectors &y, &, €;=q/1q| by

->

- - - - -1/2 - >

§,=€,, € =72 (ex:L- zey) . (2.20)
The multipole operators in (2.18) are irreducible-tensor operators of rank K. In terms of them, we have
for the currents

J K J,
K+d = M & f z * -
P@y= 2 (=) ¥ @ XFIMQID
KQ - M. Q M, q

(2.21)

J K J
K+d ~M,_ [ °f i\
T oy oy ty K, _
7@ Eé( ) <_Mf Q M, >7\§;12>‘ R

x [2n(2K + 1] 2(F | TKel(q) A1, 28 Q)1

We can now substitute these expressions into Tj7 and average over hyperfine structure by taking (2IO+ 1)‘“1
X2 M2 +1)" 2 , since T is evaluated in an uncoupled basis. The sums on magnetic quantum numbers
m, M and m’, M’ (of n and N) eliminate the three-j symbols, and the integrals over the angles of q and q’
can then be done using the orthogonalities of the ¥’s and of the ®’s. Use is made of the following relations
. T « I hrE s
P8 y=p@,;, G =(-) N, .02
. 2.2
=T >T /> * . T * )]f—Jz+K+ 1 kel .
3D, (q)if , Sl T If) =(= (FUT@II4) .

The w integral can also be done and-its real part taken to give the energy shift.1®

e 1 1 1 1
__ 2
AE, ;== (4ma) s L L2lap1® [A

2

% f;,°°dq (NI BT, (@) 110X (19 Lq) I mEj)

N¢02j+lv K E + Ae
[}
1 2 ’ q'z ~ ’ * “ , _*E © a R Nie
+m<;]; dq ———————(q,+AE)(q,+A€)<NII T a0y il lgnti)” < Jo~ dg(N 1| 31, ()11 OXp 12 (@) l| b+ e .

’

+g °°d 'gfwdq 7q AE+A€+q+q'+—qg——— +£E_A’§_
"To qﬂo (q" + 6E)g" + A€)(q + AE)(g + A€) AE+A€ g+q

(NI (g110 1| £l nt) W Il T (@NIOXw 11 (o)l n1j>] : (2.23)

Here ® denotes the Cauchy principal value of any improper integral (the g and ¢’ integrals may be improper
if Ae<0). We have also employed a shorthand

fK’?KETKeIEKeI o1y MR (2.24)
No confusion can arise as Tx®! and T ™38 have opposite parities.

The unpolarized double-differential cross section for inelastic scattering of an electron from (El, €,) to
(Ez, €,) through angle 6 may be expressed in terms of the multipole operators as!®

@ gro2 b, 1 , - 2 } R 2
dngkz: qtf 7 2IO+1§;,“EV5(EN-EO+EZ_el)[VL(o)|(N||MK(q)||0>[ +VT(9)]<N|| TK(q)IIO)H , (2.25)

where q,= (k2 -k, €5 - el), VL(9) =%(qu4/§4)[(€1 - 62)2— 2], VT(9> =%

|k1 - 2[2- é(kl2 - Iezz)z/a2 +%q“2.
(2.26)

The two components of the cross section may be separated by the different angular dependences of Vy, and
Vr, allowing experimental measurement of two response functions

BC(g, ) =[an/21y+ DT\ Ty | VIO | (B~ ),

(2.27)
BT (g, &) = [41/21y+ DIZ yZp [V I T @N0)| (B E - w).
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We see that since the reduced matrix elements are large where the cross section is large, the same nu-
clear excitations which are important in inelastic electron scattering will be important in nuclear polariza-
tion.

For the case of a discrete excitation with angular momentum K of a spin-zero nucleus, only one multipole
contributes to the cross section and to the nuclear polarization. We can then make the replacements

1/2

V1| Bt g0~ <%*~1> "B, o, N0 - (2 ) AT (g, W], (2.28)
in (2.23) and integrate w over the line width. Here 7 is el or mag as the parity of the excitation is £(- )K
and we are to take tKZ for the muon. In principle we can evaluate the energy shift due to this excitation
without resorting to any nuclear model. The muon matrix elements are known (the muon wavefunctions
are just solutions of the Dirac equation), and the nuclear matrix elements may be determined from experi-
mentally determined scattering cross sections (the response functions will have to be extrapolated into the
region 0 < g < w using the known threshold behavior since g2 < w? for physical electron scattering). The
square root is unambiguous: the phases of the reduced matrix elements in RC and RT are known by time
reversal, 8

Even for low-lying states, the cross sections are not really known with sufficient accuracy to use Eq.
(2.28), and for higher states or for nuclei with nonzero spin, the contributions of the various multipoles
cannot be resolved at all, so we must use other methods to actually estimate the energy shifts. We may
still make use of the relation to electron scattering by computing the nuclear matrix elements in (2.23)
using models which have proved good for electron scattering and including in the sum the states which are
important in scattering.

A typical double-differential cross section is shown in Fig. 2, reproduced from deForest and Walecka, 18
We see an elastic peak (at w=0) which is not relevant to the polarlzatlon problem, various low-lying states
and resonances among which the giant dipole (GD) is outstanding, and a quasielastic (QE) peak at w = ¢2/2M.
The rising cross section above w =mq represents pion production which is of little interest to us since the
excitation energy is so large. The GD and QE peaks are systematic features while the other low-lying
peaks vary from nucleus to nucleus.

We will attempt to estimate the contributions to nuclear polarization of these systematic features of the
excitation spectrum, the GD resonance and the high-lying excitations responsible for the QE peak, keeping
only the Coulomb part of the interaction. The transverse contribution will be shown to be much smaller.

A calculation of this type, separating out the GD contribution, has been quite successful in muon capture. 2°

A great simplification may be effected in our estimate of the energy shift by employing closure approxi-
mation for the muon: taking an average muon excitation energy outside the sum on intermediate muon
states and observing that 2oyl vl =1. This also aids in demonstrating the relative importance of Coulomb
and transverse terms.

It is convement to work with the muon operators explicitly in coordinate representation. Since the muon is
a spin-3 point particle

PR =6(x-2) . (2.29)
The current operator is, in general
](’) TR +IX R . (2.30)

Here j € is the convectlog part, J Cxm- 1p with p the momentum den51ty, and VX u is the (divergenceless)
magnetization part with [i the magnetization density (divided by e), and in coordinate representation,

FIG. 2. Typical double-differential cross section for
inelastic electron scattering, from deForest and Walecka,
Ref. 18.
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3C/» . -1 > e
77 &) = (im) [G(X—Z)VZ]Sym , (2.31)
L@ =6(%-2)(2m) 13, (2.32)
where ¢ is a Pauli matrix.
Then
-] . —iqX * > -
w|p@]i)= fd3xe “ X¢V (x)<ﬂi(x), (2.33)
and if we denote by"f" the tensor which projects out transverse parts in a Fourier transform,
2
.=8..-q.q./|q 2.34
Ti] 51] qzq]/lql , (2.34)
we have
iq-X 13 1= —1.. =
(v|] @)= fd xe le, * (@im)- Vo~ ¢ Q2im)” Vo +V><<P (Zm) 91T (2.35)
or, after integrating by parts,
ST ) -i4-X * -1z > -1 =g
WFT@[0)= falee™ "4 %o Mlam) T T igx 2m) ™ E]e, T (2.36)
Then, after using closure in the form 2J,¢ V*(i')(py(i) =5(X-X"), we have
ok L (o m
. wlo@]d Wp@| i = fadx A= D Yo 0. . (2.37)
The cross term is
* . — N _ AV .
(ol p@)] 0 w7 T@ 10 = fa®xe™@ =D X i) 715 igx 2m) ™ 3]0, T (2.38)

and thetransverse-transverse term
Z"(Vlj @|a (V]] @] = fd xe q'-q-%

T - (im)_lg(pi* - iE'X¢i*(2m)_ 13}{(im)- 15 i igx(2m)” 15<Pi}?1" . (2.39)
We are to average over fine and hyperfine structure by taking
27127 + 1)‘12. which is the same as (21 + 1)'12 2‘1}: nonrelativistically.

Any term linear in & will go to zero because the trace of & 1s Zero.
Then, dropping the T’s and estimating the magnitude of the tensorj 3 by taking its trace, the three terms

(2.37)-(2.39) become
lpp|o - Jalee®@ DR "o il T = Cofm) faP T D Rz " /0e

_ (VT o % . *
Tr(i| 1| =m 2fd?’xel(q @ X(Vgoi -V¢i+%q'-qq0i (pi) . (2.40)
Nuclear-current conservation g -J(§) = wp(d) implies that
|3€ (q)lf ~(Ab/q)p(qﬂ (2.41)
and a partial integration of the magnetization term gives
VX L@, ~qup@ A/2MAE) | F@)| . . (2.42)
VX @]~ aup@ ;= ¢/ [5°@]

Here we have used
I’ :k/ZM , (2.43)
where A =5 is the isovector moment of the nucleon and M its mass.

If R is the nuclear radius and {72 the mean square radius of the muon orbit, we would expect the im-
portant range of momentum transfers to be between about min(R-1, {#2)-1/2) and at most a few times R,
Outside these limits the matrix elements are small.

Rough values‘for large and small nuclei are

-1 -1/2 -1
ap s R 9 min
(MeV) (MeV) (MeV) (MeV)
Z=8 6 6 50 6
Z~80 60 30 30 30

m~100 MeV, M~1000 MeV, and a typical AE is ~10-20 MeV.

Using these values, and estlmatlng |V¢>zl by (#?) “1/2¢;, we see that for the important ranges of ¢ and ¢,
the convection part of the nuclear current dominates and that ¢'q/m? is a fair bound on the muon jj term.
Then the three contributions to (2.23) are in the ratio
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. . ~1. 20a-12/  gAE AE\? qq’
Coulomb: cross: transverse=1: m('r) /<(q+ AE)(q+(A€>) ( p” ) <(q'+AE)(q'+(Ae))(q+AE)(q+<A€>)

X [(AE +{A€) + ¢")(AE +{A€) +q) + AE{A€) (AE +{A€)) /(g +q')]> , (2.44)

where (...) denotes some average value for ¢ and ¢’ both in the range from {72 ~*/2 to a few times R™*.
Both {...) terms are less than or equal to 1 for any g and ¢’ in this range and any reasonable AE and (AE).
The quantity 2(#% ~'/2/mx 0.6, and is smaller for small nuclei, and for AE < 20 MeV, (AE/m)< 0.05.

(A€) may be negative, but certainly |{ Ae)l < Za{#?) ~1/2/2, so that the singularities in ¢ and ¢’ are well out-
side the important ranges. The importance of the singularity is usually further reduced by cancellation
in taking the principal values of the integrals, but there may be exceptional cases where the effect is large.
Note that the existence of nearly degenerate nuclear and muon excitations, making (AE + Ae)™! very large
for the upper muon state, does not affect the ratio of Coulomb to transverse contributions much. It does
make the Coulomb and cross terms large, and such excitations should really be included in the initial di-
agonalization of the Hamiltonian as has been done with the dynamic quadrupole effect, using the methods

of nearly degenerate perturbation theory.

Our estimates have been crude, but we have tried to overestimate the transverse current at every point.
Thus, despite the uncertainties of making approximations in oscillating integrals, and the fact that (2.44)
is not really a rigorous upper bound, we feel that our estimates are realistic, and that the transverse cur-
rent probably contributes at most half as much to the energy shift as the Coulomb interaction (although
there may be exceptional cases, particularly if {€) is negative). The transverse interaction can probably
be neglected in a calculation of this accuracy, and we will do so. This result is not surprising since in
the interaction with the ground-state nuclear current the transverse interaction (magnetic hyperfine struc-
ture) istypically much smaller than the Coulomb (electric hyperfine structure).

Expressing muon closure for the Coulomb term in (2,23) in terms of reduced matrix elements

2j+1)” 1'Z)y(VI!AKllnlj)*(VH1§KHnlj) :EVZ)Q (VIAKQInlﬁ*( v EKanlﬁ =Z)Q<nlj IAKQTEKQ |njy, (2.45)
and then using
%
EQYKQ Yo=K+ 1)/4m
we have
*
(27 + D70 Vil lg"int) Vil @) intj) = (@K + 1)/47] [a°xj lq" )i o (ax)nli | ) | . (2.46)

We can then write the energy shift in a particularly simple form by separating the muon closure energy
out in a “closure factor” X as

- j| 7 j 2.47
AE, 1 =20 ® g0l ’ Vpol,K'”l7>’ (2.47)
where in coordinate representation

(B)--a’ 1. 7 1 41r|%f:odqu(qz)<N!|1‘71K(q)I|0)|2

V.
pol, K Ad,+1J EN-E
2 1 1 47 3 . =, K, K+liz 2
=— = NIl [d"xp K)o "~ /r )Y, (2 )10 . (2.48)
210+1N¢0EN_E0 2K +1) N < IT> K 'x

Here (r_,75)=(x, z). X is chosen to give (2.47) the correct value so that it is just

Y Y(E ~E.+e —e )V wdN|A | 0| nii| E
%  _N#0w N o€y Gy WA [0 1) - (2.49)
Kl 5 D@y AL ) P By
N+0v )

where A k' is the Kth multipole component of the interaction. E is a typical nuclear excitation energy.
(e) K, nlj is the “average” muon excitation, and (2.49) serves to define the appropriate average. In the sum

T By -Eq+e, e, (v (|8, 0] ntj) |2

the nuclear matrix element isjust ‘UK(z )? (€z)in coordinate representationfor the moun. If we m?lke anon-
relativistic reductionfor the muon, separating spinfrom orbital angular momentum, the Coulomb inter-
action does not affectthe muon spin. We may simply drop the spin and label states by »l rather than nlj, or
alternatively use the reduction for a tensor operator operating only on one part 1 of a coupled scheme
T+'§=3’. The radial wave functions are complete (in z) for each value of I’ permitting us to take angular
matrix elements first and then use closure approximation sepatately for each I’. This allows us to define
a different closure energy for each. The angular matrix elements are just

@ iy = () ((zz' +1)(2K + 1)1+ 1))1/2' (z’m > (2.50)

47 000
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so that each permitted value of I’ contributes a fraction

I"K1)\2
7
(21 +1)<0 0 o>

of Vpol, k and (2.49) is replaced by

% - ’ UKL\ g
K, nlj %(21 +1)(o 0 o> K,nlj~1"" (2.5)
where
— ’ ol o
X N%g%(EN_E0+€al'—€"lﬁ) (ot KNI H | 0) [nt) P E
K,nlj—~1° " YR P - = . (2.52)
N§0§(EN—EO) Kat'|<N |4, |0 | ntj) E+(€)K’nlj__l,

(e K, nlj—~]' is now the “average” muon excitation energy for multipole K to excited states with angular
momentum . Averaging (2.51), (2.52) over I’ restores (2.49), but we will find later that the variation of
XK, nlj — 1'Ke) K,nlj ~1') with I’ is often quite significant, particularly whenthereis an available interme-
diate muon state of lower energy than nZj (in these cases (€) nlj -1’ may be negative).

EKJCK, nlj Vpol, K can be interpreted as the change in the spherically symmetric part of the nuclear
Coulomb potential caused by the distortion (polarization) of the nucleus by the Coulomb field of a muon in

the state nlj.
The second form of (2.48) is exactly what one would derive more directly by treating the instantaneous

Coulomb interaction
H/'=- a fax [a%y[p &) - (0] p )| 0)]pu(y)/] -7 (2.53)
in simple second-order perturbation theory, and ignoring the possibility of hyperfine structure (the reduced
matrix elements for the nucleus would come from a simple average over its possible orientations).
3. DIPOLE EXCITATIONS IN GOLDHABER-TELLER MODEL

The first contribution to be considered is that of the GD resonance. Rather than attempt to use de-
tailed experimental cross sections, we will use the familiar Goldhaber-Teller (GT) model. This model
has the virtue of being extremely simple while still providing a reasonable fit to experiment, 2!

We assume for this model that the protons move together, and oscillate against the neutrons (also moving
together) with a harmonic restoring force. The Hamiltonian for the relative motion is

H=(2u) P2+ Luw’R? (3.1)

where R and P are the relative displacement and momentum operators, [ =(NZ/A)M the reduced mass,

and w the energy. t
We quantize the system in the usual way, using the creation and destruction operators 4,,' and am(m =0,

+1), where

(a,.2,M=0, . a [0=0 (3.2)

mm

1, P

m:i-l(uw/Z)l/Z[&m— )"a__ 1. (3.3)

and R - (2uw)™ Y/ 2[me w(=Va_

The protons are displaced by (N/A)R relative to the nuclear center of mass so that

ﬁN(f):pO(li- (N/A)fil). ‘ (3.4)

The GT state corresponds to the lowest dipole excitation (1P) of the system | GT, m) =&mT| 0), and is
coupled to the ground state only by the dipole operator. Then

By @)= Jx5 @07 1@ Do (1R~ RN == TR farwi @v, 0 v 5 200 () (3.5)

keeping only the lowest order in ﬁ, which is assumed to be small. We can do the angular integral at once,
and then integrate by parts to find

MiM(q) =(N/A)qgG w)llzﬁM fooo dxxzpo(x)jo(qx) . (3.6)
Then the reduced matrix element is
(GTIIM, (@110 =31/%GT M =0| i1,4(q)| 0) = (N/A)g(dn/2uw) /2 [ *dx x2py(x)jo(gx) . (3.7)

We substitute this into the first part of (2.48) and do the integral on g, observing that j,(gz) = — g~ *d/dz)iy(qz),

and
o N . - P
@/m [ “dqigla2iglaz) =r 7t r v )=(x,2) . (3.8)
The x integral is then simply

-/ “dx 2p (W) = (4ma) 1V () (3.9)
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N
_ -1
and - V ol, GT(Z) = (ZAMEGr ]
This has been derived as if I,=0, but is true in general if we average over the orientation of the ground
state. The crucial observatxon is that R and therefore ﬁ(x) operates only on the collective part of the
motion, and does not change the relative ‘motion responsible for I,

The intuitive interpretation of (3.10) is simple. The transition charge is the derivative of the ground-
state charge (just a factor of ¢ in the Fourier transform), so that the transition potential is the derivative
of the ground-state potential V¢. The nuclear-polarization potential can be easily evaluated in this model
for any ground-state charge distribution.

AL (3.10)

4. EXCITATIONS IN SHELL MODEL

The second systematic feature of inelastic-scattering cross sections is the quasielastic peak. Here the
interaction approximates scattering from individual quasifree nucleons, 22223 and leads to intermediate
nuclear states where one nucleon has been raised to a higher energy level. For the polarization correc-
tions we expect the same states to be important. At the higher excitation energies, one nucleon is struck
hard enough that the second interaction must be with the same nucleon to get a reasonable overlap with the
ground-state.

We would therefore expect a simple independent-particle shell model to give a reasonable description of
the relevant states. Such a model has been found to work reasonably well for electron scattering, with
even the simple harmonic-oscillator model giving a fairly good over-all fit?? although it fails in details.
This is also the model used by Foldy and Walecka?® for nondipole excitations in muon capture.

We will restrict our attention to nuclei with closed proton shells for which the single-particle levels are
filled up to some Fermi energy. Excited sIates for the polarization problem correspond to excitation of

a single particle out of the Fermi sphere (J is taken as a sum of single-particle operators, and cannot
excite more than one particle at a time), and will be denoted by | N,L,M,(N,L,M,)) for a particle excited
from N,L,M, to N,L,M,.

The Coulomb transition potential of the nucleus is

V(@)= (N, LM (N l)l—ozfdx[ﬁN(x)/lx ZIIo= ZKQ KQ )KQ(QZ)’ (4.1)

where use of p(X)=2J; :126 (X- %;) gives

(2) = AT )M2<(2L1+1)(2L2+ 1)(2K+1)>1/2 <L1KL2><L1K L )

T2K+1 a7 00 0/\MQ-M,
o 2 * K, K+1
X f dx x RNL (x)('r /1f> )RN1L1(x) . (4.2)

Here Ry, is the radial part of the single-particle wave function and (rs,7<)=(x,2). The contributions
to Vi) Of the nuclear excitations degenerate in M, and M, must be summed with a factor of 2 for spins.
A final summation over possible N;, L,, N,, and L2 gives

2

)oY T Y D2 ColL, L, @] 4.3)

K]I
E,-E, Q@QK+1) N,L,, N, Ll;K

"pol® K N,L, N,L,
L L,L,
where CG(L,, L,, L) = (2L, +1)(2L, +1)(2L;+1) 020’ (4.4)
— 2 K+ 1
and INZLZ,NLI,K(Z)_fo dx x RNZLZ (x)(’r /1’ NLl(x) (4.5)
For simplicity we will use a simple-harmonic-oscillator model with oscillator parameter b defined by

H=(2/2m)(- V2 + b=472) ' (4.6)
for which the level spacing is

W= (Mb2)"1, (4.7)
The eigenfunctions are well known, and are

L —y%/2p2 L+%,2,2
b ® =By WY, f0), By @)=Cp r/o)le™ /2L LR %)

N=1,2,3,..., L=0,1,2,..., (4.8)

with energies E, = (2N+L- l)w0 (4.9)
referred to the lowest (1s) level. The Lna are generalized Laguerre polynomials, and are explicitly
n=1 m
a, y _ym(n+a\ x
L, = T ) (%) & - (4.10)
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Cpn71, is a normalizing constant,

Cpp =2V E I /N2 - 11 R ol S RN Tl S (4.11)
The product of two Laguerre polynomials is a polynomial whose coefficients we will denote by «,
N'+N-2
L'+3 L+%y. S
Ly _1q WLy_{ *0)= T ayepr nposY . (4.12)

If we let z=£¢b, we have that

. (Z)_CN'L"CNL' N'4N-2 . 1 [L'+L+K+25+3 g2)
N'L NLi K T TImEs g N NL;S gK+17 2 ’
K_(L'+L- 9
ot F(L +L ;‘*23”,; )] . 13)

In this equation, ¥ and T are the incomplete gamma function and its conjugate defined by
y(V,x)=l“(V)—I‘(V,x):foxdye'yyv_ 1 (4.14)

We note that L'+ L + K must be even [otherwise CG(L’, L, K)=0], so that the first argument of the T is al-
ways integer and that of the ¥ always half-integer. These incomplete gamma functions may be computed
from the recursion relation

yla+1, %) =ay(a, x) - x% > (4.15)
starting from
y (3, £?)- wl/zerf(c), (1, %)=e" gz, (4.16)

where erf(x) is the error function. For small x the recursion involves repeated subtraction of nearly equal
numbers with attendant loss of accuracy. This may be avoided by starting with an approximation for large
a, such as a few terms in the expansion

_a-~-x% T(a@ n
yla,x)=xe nzzomx (4.17)

and recursing downward.

This model errs in that the nucleon coordinates are referred to a fixed center of potential rather than to
the center of mass. This gives rise to spurious states in which the center of mass is itself excited.
These spurious states have been included in Eq. (4.3) and should be subtracted out. Their contributions
may be evaluated as shown in Appendix A, and we find that only one spurious state is important; the rest
in aggregate produce a correction of only a percent or two.

The significant state has the center of mass in a 1P state with internal coordinates of the ground state.
The charge distribution for this state is like the Goldhaber-Teller state, but the reduced mass is AM
rather than (NZ/A)M and the charge is displaced by the full oscillator coordinate rather than N/A of it.
Thus we must subtract the spurious dipole contribution

z o
Vpol, sp(Z) "N Vpol, GT(Z)_ - (ZAMwO

which will be almost half of the uncorrected dipole distortion. (This is rigorously derived in Appendix A. )
The contributions to the various multipole terms in Vpo1(z) from excitations of different energies are
shown in Fig. 3 with the closure factor [defined by (2.49), (2.51), and (2.52)]

2)—1|a% VC(Z)|2 (4.18)

K=E/(E +(€)) (4.19)
containing the muon closure energy separated out. They have been evaluated using a computer program
based on the method outlined above, for a nucleus with Z =20 (calcium), A=43, and =2.055F corre-

sponding to auniform sphere radius of 4.60 F. We see that convergence as a function of excitation energy
nw, is quite rapid, particularly outside the nucleus.

5. MUON WAVE FUNCTIONS
In the nonrelativistic approximation, the muon wave functions are solutions of the Schrddinger equation

[- (2m)1v2 4 Vo(2) - €ly(@)=0. (5.1)
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FIG. 3. Contributions to the nuclear-polarization po-
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T QUADRUPOLE Ru tential in shell model labeled by #, and nw, is the exci-
slok tation energy. “Total” is the sum through n=10.
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N

If we approximate V(z) by the Coulomb potential of a uniform spherical charge distribution of radius R
(R will be chosen to give the right value for {#%)), we have

Vc(z) =—(Za/2R)[3 - (2/R)?], z<R,

(5.2)
== (Za/z), ‘ z=R.
This potential is just a harmonic oscillator inside the nucleus and a point Coulomb field outside. The solu-
tions may be given in closed form for eaech region in terms of confluent hypergeometric functions as
) (z)=Rnl(z)Ylm(QZ) ,

12,2
le 12x2/2

nlm

R (2)=z M0+ 34 020y 22 3)], 143, tV52), <R (5.3)

e By - y, 20+ 2, 2tx/v), z >R,

where t=R/ag =maZR (ap is the Bohr radius), x=z/R, and v is the “effective quantum number” defined
by
e=(Za)m/2y? . (5.4)

Note that v reduces to » in the hydrogenic (point Coulomb, ¢-0) limit, and that we can use this # to label
the solutions.
Inside the nucleus, Ry, can be easily computed from a few terms of the series

(@,5,2)= 5 Tr(a)" o 5.5)

Ma, b, 2) = —, 5.5
n=0 b s

where (a),=ala+1)+++(a+n-1) and (a),=1. However, outside the nucleus the converging series for U are

extremely inconvenient to work with. (U has, in general, a singularity at the origin.) We can use the
asymptotic (semiconvergent) expansion

S—1(a) (1+a->b)
U(a,b,z)Nz_a< 2 ~—n—n'———ﬂ(—z)‘n+0(]z’_s)>, as z—, (5.6)
n=0 :

for large z, where the error term is approximately equal to the first term neglected. We then simply
numerically integrate the radial equation from a point where this series is sufficiently accurate back in to
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the nuclear surface, The eigenvalues v are found by requiring that
d _d
%[ 1anl(R+)]-E[1anl(R_)] . (5.7)

This is essentially the method used by Pustovalov?! with the exception of the representation inside the
nucleus, We have used a computer to find solutions to (5.7) for the n=1, 2, 3 states of the closed-proton-
shell nuclei listed in Table III. The values found for y agree with Pustovalov’s to four or five places.

As a check on relativistic effects and the accuracy of our other approximations, the energies for Z="70
were compared with those computed by Barrett® using the Dirac equation for a Fermi shape nucleus and
including vacuum-polarization effects. In no case did the difference exceed 3% (the center of gravity was
used for the fine structure multiplets of p and d states). For a second check, the overlaps of the 1s wave
functions with the nucleus were computed and compared with the relativistic results of Sens.?® Here agree-
ment was to 5%. These nonrelativistic wave functions should therefore be sufficiently accurate for this
calculation, and have been used in the results which follow,

For later reference, the energies of the z=1, 2, and 3 bound states are plotted in Fig. 4 as a function
of Z.

6. MATRIX ELEMENTS OF THE POLARIZATION POTENTIALS

The polarization potentials and energy shifts have been evaluated for the 1s, 2s, 2p, and 3d muon states
for nuclei with closed (harmonic-oscillator) proton shells; Z=8, 20, 40, and 70. As the results are rather
approximate, and we may wish to interpolate to estimate the core contributions for nonclosed-shell nuclei,
typical parameters (rather than those for any particular nuclei) have been used. In particular, the charge
distribution is taken to match (in {(+? ) a Fermi distribution

o) =p {1 +exp[(x - ¢)/al}~?, (6.1)
where the parameters
c=1.12A2F, ¢=0.50 F . (6.2)

have been chosen to give a good over-all fit to experimental values. We ignore the fact that Z="70 lies in
a range of strongly deformed nuclei. Typical n-p asymmetries and GD energies?” have been used, and
the nucleon effective mass taken equal to its free mass. The various parameters are given in Table II.

It is well known that the harmonic-oscillator shell model gives a poor description of dipole excitations -
the dipole strength is at too low an energy, mostly at w, rather than EGD =2w( (the GT state exhausts the
dipole sum rule). This gives roughly a factor of 4 difference in AE. If we use the oscillator-model form
factor but put the dipole strength at EGD, Fig. 3 shows that the polarization potential matches the GT form
outside the nucleus, but is significantly larger inside. This is not surprising — the GT model is essentially
a long wavelength model and is expected to err at short distances. The difference in computed dipole-
energy shifts (with wg=EGD) is less than about 20% with the exception of 35% for the 2s state of the largest
nucleus considered, Yb; it is much less for small Z or large ! (where the part of Vpol inside the nucleus
is relatively less important).

10.00

T T TTTTT T T T TTT]
@

€2 MeV

FIG. 4. Energy levels of muonic atoms.
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TABLE II. Properties of typical nuclei. The entries are ag, the Bohr radius, (72) N, the mean-square radius of the
nuclear charge distribution, and Ry, the equivalent uniform radius. Ng is the number of filled harmonic-oscillator
proton shells, b the oscillator parameter, and w, the oscillator energy (M *=M). Egp is the giant dipole energy.
These are all typical average values fitted to the general trend of stable nuclei, not the experimental values for the
specific nuclei listed.

ap BN Ry b wg, shell Egp
z A Element (F) (F) (F) Np (F) (MeV) (MeV)
8 16 o) 32.0 8.225 3.70 2 1.912 114 21
20 43 Ca 12.7 12.674 4.60 3 2.055 9.9 19.7
40 91 Zr 6.39 18.695 5.58 4 2.233 8.4 16.6
70 173 Yb 3.65 26.742 6.68 5 2.438 7.0 14.7

We have used the GT model for dipole transitions and the harmonic-oscillator shell model for all others,
summing through AE = 10w,, and computed separately the energy shifts due to monopole (M), dipole (D),
quadrupole (@), and remainder, K >3, (R) transitions. This exactly parallels the approach of Foldy and
Walecka?® in analysis of muon capture. The muon closure energy has again been separated out as a closure
factor as in Fig. 3 [see (2.49), (2.51), (2.52)]

X=E/(E +(e)) . (6.3)
Here E is to be taken as Egp for D, as about w, for other odd multipoles (part of R), and as about 2w, for
even multipoles (M, Q, and the rest of R) since most of the shell-model contrlbutlon comes at these ener-

gies. The results X — KEK nIC, are given in Table III. They are not yet directly comparable; the muon
closure factors K vary cons1derab1y.

7. MUON CLOSURE FACTOR

To estimate the muon closure energies and therefore X’s, we recall that X is defined by (2.49)

“K, nlE%% (Ey-Ey-€,- enl)"](vl(N|HK'[0)| nl)["’/%}Zy)(EN— EO)-1|< VKN,HK',O) |nl)|2, (7.1)
where A’ k is the Kth multipole component of the interaction. We may approximate this by
K ZNE EE+e,-¢, )" |(V|[V o, K]x/zlnl)rad|2/zv)](VI(Vpol’K)uzInl)radlz, (7.2)

TABLE III. Matrix elements of the polarization potentials in eV. M, D, @, and R refer to monopole, dipole, and
quadrupole transitions, and to the remainder (octupole and higher).

M D Q R

Z=8 1s 4.65 9.01 9.59 9.41

2s 0.581 1.11 1.20 1.18

2p 0.0002 0.014 1 0.0028 0.0018

3d ~10"° 0.000 206 0.000 001 ~10~7
Z=201s 120 145 215 294

2s 15.7 17.7 25.6 37.4

2p 0.08 1.36 0.72 0.75

3d ~107° 0.0246 0.0012 0.0004
Z=401s 906 749 1330 2140

2s 133 90.6 173 270

2p 5.6 40.3 36.1 51.6

3d 0.004 91 1.13 0.24 17
Z=1701s 3150 1680 3640 6380

2s 565 204 489 809

2p 119 387 505 906

3d 0.6 24.2 13.4 16.5
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where E is the energy of the most important nuclear excitations and “rad” means the radial part of the
matrix element. This is exact for the D contribution (only one state N=GD contributes) and not unreason-
able for the others. If we keep track of the angular momentum of the states v as in (2.51) and (2.52) this
becomes

K1\
X = !
K,nl 471(21 +”(o 0 o) R ni—~1

~ _ -1 (1
% l,~§E(E+€al, €, ) (ol ’(Vp

K,nl— |2, (7.3)

)IIZ'nD radlz/g | (al’] (flpol,K)llzlnl) rad

ol, K

Here a must run over both bound and continuum states. High bound states are not important since they are
small near the origin. We have roughly evaluated the sums in (7.3) numerically using our numerical wave
functions for low bound states and spherical components of plane waves (spherical Bessel functions) for
‘continuum states. (This is really too many states, but it turns out that usually either most of the sum
comes from low bound states, or most of it comes from relatively high-energy plane waves so that the
duplication is unimportant. )

For plane waves, the radial wave functions are (2/m)1/2 j l(kx) with the continuum normalization

R [kl =5,,0(k-2") . (7.4)
-~ 0 .
Then (k1’| Vy|nl) 4= @/m2[ "drv2kj (en) V(IR (), (7.5)
where Ry is the radial part of the bound-state wave function, and
o0 - A ) ~
Ry et Jy RELE+(2/2m) =€ 12U | Ve nd [2/ [ 7l [l [ Ve[ |7 (7.6)

For bound intermediate states |%'l"), the matrix elements are explicitly evaluated and the sum on « in
(7.3) taken over low bound states.

As an example, we will treat muon closure for the dipole contribution in detail. For the 1s and 2s states
the only intermediate states are p states. Less than 10% of the sum comes from bound states, with the ex-
ception of about 30% for the 1s state of Yb, the highest Z nucleus discussed, so that we should be able to
do the sum with plane waves using (7.6). & is evaluated twice, first assuming that (7.6) applies to all in-
termediate states, and then assuming that it applies only to continuum states while bound-state contribu-
tions are treated separately. E =EGD is taken from Table II and €;,7 from Fig. 4. In no case do the re-
sults differ by more than about 25%, in most cases by less than 5%. A simple average is taken, and the
results entered in Table IV,

Evaluating the factors

' I"K1)\?

(21" + 1)( 00 o>

in (7.3), we see that the 2p state is coupled % to s states and % to d states. We find that 80 to 90% of the
coupling to s states is to the bound 1s state, while almost all of the rest and of the coupling to d states is to
the continuum. ThenXp 2p=3%p 2p - s+ (%)JCD’ 2p ~d, and we compute Xp 25 - g using-bound states

(with a plane wave estimate of the 10 to 20% of the sum which comes from the continuum), and Xp 2p-d
using plane waves. The values obtained are given in Table IV. We note that Xp, 2p - s is greater than

one for Z>20. This is because the sum on intermediate states is dominated by the 1s state, a downward
transition from the 2p state.

Closure factors for the 3d state are computed exactly as for the 2p. The coupling is 2 to p states (95 to
99% to the bound 2p state) and ¥ to d states (almost all continuum). Numerical values for these partial-
and total-closure factors are also given in Table IV.

The remaining total-closure factors are computed in the same manner as ¥p and entered in Table V.
Most of the contributions come from the continuum except for ¥, 34— s (85 to 95% to bound states),

%R, 3d~p (20% to bound states for Z=40, 50% for Z=70), and ¥ 7, 15~ s, XM, 25— s (both 10% to bound
states for Z =40 and 35% for Z =70). For X we note that the largest contributions to Vpol, R are from Ep
=wp and EN=2wq, so we would expect E in (7.2), (7.3), and (7.6) to satisfy w,<E <2w,. This gives a range
in computed X’s as great as a factor of two, However, XRVpol, R contributes at most 10 to 20% to the total
energy shift so that our final results are not very sensitive to Xg. The values in Table V correspond to
E=1.,5w,. A number of blanks have been left for factors which will not be needed because the corresponding
matrix elements in Table III are small.

Our computed X’s are certainly not accurate to the full two or three places given. The initial approxima-
tion (7.2) of replacing individual nuclear transition potentials by (Vpol K2 is probably reasonably good:
closure energies are not very sensitive to the detailed shape of the po{entials, and (Vpol, K2 is very like
the individual potentials (see Fig. 3). The muon closure energy is affected to some extent by the value of
E, the nuclear excitation energy, used in (7.2), (7.3), and (7.6), and we might go so far as to use different
values for each different nuclear excitation energy. This would seem, however, to be placing too much
faith in the details of the nuclear model, in violation of the original philosophy of our calculation. The val-
ues of X obtained are almost certainly good to a factor of two, and are probably somewhat better, perhaps
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TABLE IV. Partial closure factors for dipole excitations, X = E/(E+ (€)), to intermediate states of various
angular momenta.
X HY

D,nl—s D,nl—p D,nl—d xD,nl——f "K:D,nl

Z= 81s 0.49 0.49
2s 0.48 0.48

2p 0.99 0.85 0.90

3d 1.00 0.98 0.99
Z=201s 0.65 0.65
2s 0.61 0.61

2 1.08 0.69 0.82

3d 1.01 0.92 0.95
Z=401s 0.42 0.42
2s 0.39 0.39

2p 1.15 0.51 0.72

3d 1.03 0.74 0.86
Z=1701s 0.40 0.40
2s 0.36 0.36

2p 1.43 0.40 0.75

3d 1.13 0.54 0.78

within 20 to 50% for the most important ones. We believe, therefore, that they are sufficiently accurate for

the calculation at hand.
8. RESULTS AND DISCUSSION

The changes in the muonic energy levels may
now be found by multiplying the matrix elements
tabulated in Table V by the closure factors in
Table V. The various contributions, M, D, @, and
R, and their sum are plotted against Z in Fig. 5
for each of the muonic levels considered. The to-
tal shifts for each state are plotted together in
Fig. 6.

We see from Fig, 6 that the 1s state is shifted by
1 to 3 keV for medium to heavy nuclei, while the
2s and 2p levels are shifted somewhat less — a few
tenths to 1 keV or so. These results are very

TABLE V. Total closure factors, X= E/(E+(€)).
M, D, @, and R refer to monopole, dipole, and quadru-

pole transitions, and the remainder (octupole and higher).

M D Q R
Z= 81s 0.26 0.49 0.27 0.12
2s 0.26 0.48 0.27 0.12
2p e 0.90 0.48 0.18
3d LY 0.99 . s RIS
Z=201s 0.32 0.65 0.17 0.07
2s 0.32 0.61 0.17 0.07
2p 0.19 0.82 0.36 0.12
3d tee 0.95 0.71 s
Z=401s 0.42 0.42 0.22 0.10
2s 0.40 0.39 0.21 0.10
2p 0.22 0.72 0.37 0.16
3d 0.15 0.86 0.63 0.26
Z=1701s 0.54 0.40 0.19 0.10
2s 0.57 0.36 0.17 0.09
2p 0.28 0.75 0.34 0.15
3d 0.17 0.78 0.66 0.30

similar to those we obtained previously* retaining
only dipole terms and setting all muon closure fac-
tors equal to unity, and in reasonable agreement
with other existing estimates®!! discussed in Sec. 1.
With regard to the accuracy of these results, we
feel that the greatest uncertainty is probably in
the muon closure factors, which may be in error
by as much as a factor of two. The nuclear phys-
ics is probably accurate to 30% or so. Our cal-
culation has assumed that the giant-dipole reso-
nance exhausts the T. R. K. dipole sum rule,
which is not strictly true, particularly in light
nuclei. For example, estimates obtained by in-
tegration of the photodisintegration cross section?®
indicate that the GD resonance accounts for about
68% of the sum rule for oxygen and for about 82%

41
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FIG. 5. Various multipole contributions to the muon
level shifts: Monopole (M), Dipole (D), Quadrupole (@),
and Remainder (R). T is the total shift.
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|04 malized to the experimental photodisintegration
value, produces capture rates within 10% of the
experimental values for oxygen and calcium.

The neglect of the transverse interaction is
'03 - probably no more important than the uncertainties
in the nuclear physics. Our aim from the begin-
ning has been to obtain estimates of the level
shifts accurate to a factor of two or better, and
102 _ we feel that each part of the calculation is at
2s least this good. Therefore, while it is not im-
possible that the errors are larger, we believe
that Fig. 6 is accurate within a factor of two,
10 The nuclear-polarization corrections are there-
fore clearly of sufficient size (one to several keV)
for heavy nuclei to be significant in the analysis
of muonic x-ray spectra. A calculation by Barrett
(N et al.® which corrects the spectrum of 2°9Bi for
nuclear-polarization effects of this order of magni-
14 tude seems to show a slight worsening of agree-
-1 ment with electron-scattering results. We can
draw no conclusions from this: no account has
been taken of nuclear polarization in interpreting
the electron-scattering data. A calculation very
0™ similar to the one just performed could clearly
be made for electron scattering, although trans-
verse terms would almost certainly be relatively
-3 more important. Until some such calculation is
performed, we will still be unsure of how to in-
terpret any apparent discrepancies between nu-
clear charge distributions fitted to muonic x-ray

spectra and ones fitted to elastic electron scat-
o} 20 40 60 80 tering.
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APPENDIX A. SPURIOUS STATES IN HARMONIC-OSCILLATOR SHELL MODEL

The nuclear Hamiltonian for a harmonic-oscillator shell model of the nucleus is, with a fixed center of
potential,
H= o 5 TR, = (e (a1)
i=

The states of this system include spurious center-of-mass excitations, which we wish to exclude. This
problem has been considered previously, for example by Elliott and Skyrme, but we will reformulate it
in a manner particularly convenient to the situation at hand.

If we change coordinates to use center-of-mass and relative coordinates
A L %, =% -R (A2)
iz1 ¢ i i

(the Ez are not all independent) we can separate the Hamiltonian as
H:(zMA)-l(—" 2+ A%1R) 4+ H atE; VE b. (A3)

The first term is just a harmonic-oscillator Hamiltonian for the center of mass with mass. MA, oscillator
parameter bA-!/2 and energy w,. The second term describes the motion in the center of mass frame The
solutions are

1

-> T ( ) 2
v (% D=9, (e, "R/, (a4)
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where ® N(”) is a harmonic-oscillator function with energy nw,. The “good” states are those for which
N=0 (1s), with the center-of-mass wave function
3 2 2

@0(0) - (a/mp)re AR /25 (A5)
We should really use ¢, ({£;})= (12 /A)3/4 cAR? /202 0¥,,({x;}) for the allowed shell-model wave function
referred to a fixed center of mass. However, Tassie and Barker?® have shown that matrix elements of
charges and currents computed with ¢,,’s are related to those computed with ¥,’s by a multiplicative
factor of exp[(gb/2)2A-1]. Because of the A-! in the exponential the effect is small except for very large
g. Further, the increase at large momentum transfer tends to be offset by the decrease in the form
factor of the individual nucleons which must also be included. For nuclei of reasonable size we may simp-
ly neglect both effects without serious error.

Any excited state of the center of mass with energy nw, may be represented in the form

@NLM(n) - /”bz)%ONLM(n)[e_ AR?/b*) AR?/25° (A6)

where Op7, M(") is a differe(ntial operator proportional to » gradients ER coupled up to a tensor of rank L
component M. This &yr 7 n) clearly has the desired angular momentum, and the simple observation that
[R- Vg, (8/8R;)]=~ (8/8R;) implies that

R- €R,0NLM(”)]=—noNLM(”) (A7)

which makes it easy to verify directly that @, M(”) is an eigenfunction of I} with eigenvalue (n+§)w0.
In particular, we have

o wal v o @ LB G o .l 8w gy mitizmy v . (A8)
1PM VoA M 28 VB 24 1DM Vo 24 mom, my My
We may write any of these in the form
3 n 3 n v
n) = 9 ) 9
0, "R= 2 a + 4 2 b <
N k=1 M Rar " pai=1 piv=n VLY op F oor”
i v o]
* Z °N, uvo - m : v : oA
L+V+0=n ’ 3R,” B8R, 9R, (A9)

The transition potential between a spurious state and the ground state is
\4

=¥ | [d3x p&)/1X-Z| T )
Nm,00 ‘N " m f 070 (A10)

V4
> >y - - - /2 =\ - 2 /p2 > -
= fd3'rl° o -d31fAd3xlx— Zl 1¢m({£i})¢0({‘g’i})(%g>3 ONLM(R)e AR*/b j§16(x_ r].)

using p(x) = Z] : IZ 5% - Fj ). But the derivatives in ©(R) commute with any function of the Ez" and 8/8Ry,
=Ei= 1A 3/8(1’i)k giving
V4

Vm, 0= /dsxd3rl~-=d37 4 B 65 OnzaE oY, oo reiar (a11)

plus terms which are perfect derivatives and integrate to zzslso at once.
Integrating by parts, we get the derivatives Vy; in © 7 3/ (¥;) onto the & functions, where they may be
replaced by V, (there are no surface terms)

z
_ d3x n (n) > 3 e 3 > -
Vm, 00“f|§_ - =Y onrm (X)/d ryttrdiry o‘l'm[Elﬁ‘X‘ )% (a12)

The sum on j in (A11) is again p(X). Another integration by parts puts the derivatives V, onto (¥-%)-!
where they may be replaced by — V, to give

)n +1 (n)(z) v

0m, 00 2). (A13)

Vam, 00@ =" O 4
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This simply relates the transition potential for transition to a spurious state to that for the related “good”

state. An overestimate of the contribution of spurious states may be made by removing the restriction of
good states on the right of (A13) as

Vpol, Sp(z') SZNLMZS[(n +8)w] _lleNLM(n)(Z)VS , ()(-Z’)I2 s (A14)

where NLM has energy nw, and the sum on shell-model states S (energy sw,) runs over all states (including
spurious ones and the ground state),

Dipole excitations of the center of mass (by © ;) will be the most important: they have the smallest
energy denominators and a factor of A in V) relative n =2 excitations. The most important such state is

the one derived from the ground state since the total transition charge is Ze rather than just e. For this
state

ZMIOIPM‘” ) VO, 0(2) 12=(p2/2A)1(5 Vc(z)/az)l2 (A15)

and Vpol, sp1P, O(Z) = (2AMw02)-1|(aVC(z)/az)|2 (A16)

very much like the Goldhaber-Teller state.
For the other spurious 1P center-of-mass states, the gradient formula gives

b b s |(Es1L ) 5 _K

XY @ )-<—K—>l/2(KQ1u|K1K—1Q+u) 2 Kl v ) (A17)
K+1Q+u z 2K-1 9z z KQ K-1Q+u z'f
After a little algebra, the contribution to Vpol is found to be, in the notation of Sec. 4,
2 2
v @-% 5 T g CCL.L. b

pol, sp, other 1P GK+17 24

K N,L, N,L, Ze~Ea+ @0

p(z)

FIG. 7. Charge density, potential, and |dV/dz!? for
three model nuclear charge distributions for calcium:
uniform (U); Fermi shape (F); and harmonic-oscillator
shell model (S).

viz)

AV
CR3




177 LEVELS OF MUONIC ATOMS 183
8 K

K+1 9 K+1 I ()2
X[_ZK_+_1 <§§‘?)IN2L2,N1L1;K <8z+ = JINL, NL;K"?

Here the first term in the brackets comes through multipole K + 1 and the second through K- 1. These cor-
rections have been evaluated on a computer in exactly the same manner used for the naive shell model of
Sec. 4, and found to be negligible (contributing in aggregate no more than a percent or so) with the excep-
tion of the pure center-of-mass 1P state in (A14).

Of the remaining spurious states the most important are the N with N above the 1P state since the
total charge Ze contributes to matrixelements. Their contributions to Vpol may be evaluated as the 1P
state was, and are found to be negligible.

2 K

(2)| + SR 1

} . (A18)

APPENDIX B. NUCLEAR-CHARGE MODELS

To illustrate the similarities and differences of the three charge models used in this paper, Fig. 7
shows Z-1p(z), (Za)-1Vp(z), and (Za)-2|8V; /8z]% for each of the three models used: (1) uniform charge
density to a radius R(U); (2) Fermi shape (F); and (3) independent-particle harmonic-oscillator shell
model (S). The parameters used are those for Z =20 in Table V. We note that except for the charge
density near the origin, the S and F models are very similar and U not too different. The U model was
used only in computing muon wave functions, and should be adequate there since the potential is not much

different from U or F.
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