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The A hypernuclear spectrum excited in the weakly interacting electromagnetic production pro-
cess A (y, K )~8 is theoretically surveyed. Plane wave impulse approximated multiple-scattering
calculations for hypernuclear formation from He, ' C, and 'Pb targets are presented for a wide
range of lab and excitation energies. Excitation energies and transition densities are calculated
within a lambda-particle, proton-hole model using Woods-Saxon basis wave functions. The transi-
tion operator is constructed using the free (bare) amplitudes for the elementary process
y+p —+K++A which are evaluated from Feynman diagrams including both strange meson (K,K )
and baryon (A, X) exchange. These amplitudes are dominated by A and scalar K exchange; howev-
er, effects from X and vector K* exchange are found to be significant even near threshold. The hy-
pernuclear selective excitation is documented in detail for 0=0'. Transitions to unnatural parity
states and substitutional states with medium to high spin are predicted to be strong. Because of
large momentum transfer ()200 MeV/c), the (y,K) reaction is highly quasielastic and a low, rough-
ly 0.1, A "sticking probability" is estimated using an approximate hypernuclear sum rule. The exci-
tation process is sensitive to the interior as cross section calculations for Pb(y, K+) ~T1 involving
bound A 1s, 2s, and 3s configurations, unrestricted by the Pauli exclusion principle, reveal markedly
different signatures. Cross section sensitivity is also investigated and discussed for off-shell ampli-
tude effects, variations in the A-nucleus spin-orbit interaction, and different sets of phenomenologi-
cal coupling constants which equivalently describe the y+p~K++A process. Finally, estimates
for electroproduction„A(e„e'K+)AB, are also presented and discussed. Both photoproduction and
electroproduction cross sections are calculated to be measurably large for the beam energies, 1 to 3
GeV, of proposed intense electron accelerators.

NUCLEAR REACTIONS Kaon photoproduction and A hypernuclear forma-
tion. Theoretical survey of o.(E~,b, E„) for AH, AB, and ~Tl. Plane wave im-
pulse approximation and particle-hole wave functions. Investigation of cross sec-
tion sensitivity to theoretical uncertainties. Application of hypernuclear sum

rule. Electroproduction hypernuclear cross section estimates.

I. INTRODUCTION

Although hypernuclei mere discovered' thirty years ago,
it has only been in the last decade that hypernuclear phys-
ics has emerged as a developing field attracting significant
international attention. This transition has been fostered
by both impressive state-of-the-art experimental advances
and by the growing awareness of the importance of meson
and quark degrees of freedom in the nucleus. The pres-
ence of a strange baryon, such as a A or X particle, inside
the nucleus provides an exciting opportunity to study an
exotic system. In addition to the novelty, investigating
hypernuclei will facilitate improveinents in conventional
many-body nuclear theory and, as important, will provide
new information concerning elementary particles and their
interactions. For example, it may be possible to determine
whether the A lifetime is extended or even shortened in
the nuclear medium.

The current work addresses the subject of hypernuclei
from a nuclear structure viewpoint and focuses on the ex-
citation of A hypernuclear states through the photopro-
duction reaction A (y, K+)t,B. Initial calculations for this

process have been reported by Bernstein, Donnelly, and
Epstein. We extend their treatment and further docu-
ment the utility of this reaction: a soft reasonably under-
stood electromagnetic component combined with the
weakly interacting K+ and mildly interacting A which is
not constrained by the Pauli principle. As demonstrated
below, the (y, K+) reaction preferentially excites unnatur-
al parity hypernuclear states, and thereby compliments the
more strongly absorbing processes (K,m. ) (Ref. 5) and
(n+, K+) (Ref. 6) which selectively excite natural parity
states. %Ye also investigate the interior probing capability
of the (y,K+) reaction by examing the cross section sensi-
tivity to the unrestricted A orbital quantum numbers. We
find distinct signatures for different A orbitals used to
describe the same final state. Finally, we estimate elec-
troproduction cross sections for the reaction A (e,e'K )~B
and compare them with our photoproduction results to
provide additional motivation for an intense high energy
electron accelerator which recently has been proposed.

This paper, for which preliminary results have been pre-
viously reported, ' is organized into five sections. In
Sec. II we calculate the amplitude for the elementary pro-
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cess r+p~K++A from Feynman diagrams involving
hyperon exchange. The fundamental coupling constants
are obtained from the earlier work of Thorn" which we
reproduce and confirm. Much of our discussion in this
section is contained and further amplified in Ref. 11. The
elementary amplitudes are essential ingredients needed for
computing the hypernuclear formation cross section. As
described in Sec. III, our procedure for constructing the
formation cross section is similar to the "first generation"
pion photoproduction calculations' ' which used first-
order multiple scattering theory and the impulse approxi-
mation. Although improved theoretical ineson photopro-
duction treatments now exist, ' our approach should be
sufficient for the present feasibility study and does extend
our earlier investigations, ' as well as the calculations re-
ported by the MIT group, ' by including the full kaon
production operator and more realistic wave functions. In

I

Sec. IV we apply our formalism to the closed shell targets
He, ' C, and Pb and present survey calculations for a

wide range of beam and excitation energies to document
the probing capability and selective excitation aspects of
the (r,K+} reaction. Finally, we summarize our findings
in Sec. V.

II. ELEMENTARY KAON PHOTOPRODUCTION

Consider the associated strangeness photoproduction
process

y+p —+K++A .
The invariant cross section' for this reaction induced by
photons having polarization vector ei (A, = + 1) is
(A'=c =1)

+EyENt +EKE„ I
& (PK+P~ Py —PN}—dkKdk

2 2 2 1/2f(py'PN) pypN] —EKEA

and is given in terms of Dirac spinors u (p) by"'
1/2

t = u(p~)QAJ~Ju(PN) .
j=l

MAMN

(2~) 4EyENEKEw

The gauge and Lorentz invariant matrices ~J can be
represented in terms of the Dirac matrices r =(ro, r ), r5,
and momentum four-vectors

where the energy E, momentum k, and four-vector

p =(E, k ) (p =M, M =mass) are, respectively, labeled r,
N, K, and A to represent the photon, proton, K+ meson,
and lambda particle. The transition amplitude t is relat-
ed to the S-matrix element S by the usual expression,

S =2' 5 (p K +p ~ py —p N )t— (2)

SA gKAN ~

GX kTg KXN ~

V
GV—8K~K

T
K KygK AN

(Sa)

(5b)

(5c)

(Sd)

The remaining constants in Fig. 1 are the fundamental
charge e and proton (p~}, lambda (p~), and transition (pT)
moments which are also specified in Ref. 11. Table I lists

f

naturally group into four effective coupling constants
which can be phenomenologically adjusted to reproduce
the data

~i =—XSX &~r vy

~2 =2r5(ei, pNpy pA ei.Phpy pN )

~3=rs(r e~py PN. r.pye~—.pN»
A~4=re(r ei,py p~ r.pyei. P~)—.

(4a)

(4b)

(4c)

(4d)

y+ p =K'+A

Here eq ——(O, ei) is the photon's polarization four-vector.
The spin-independent amplitudes Aj, also gauge and
Lorentz invariant, can be computed directly from Feyn-
man diagrams (see Fig. 1). These amplitudes, which are
functions of the Mandelstam variables and the fundamen-
tal coupling constants, are completely specified in the Ap-
pendix of Ref. 11.

Figure 1 summarizes the Feynman diagrams considered
in the current work. Strange meson exchange (K, scalar
coupling; K*, ' vector and tensor coupling) as well as A
and X baryon exchange are included in the nonresonant
description of the elementary photoproduction process.
Contributions from baryon resonances are omitted but
will be examined in a future study. The vertex parameters

K+. ~K+

A
QKhN

(c) P
K+

T

, gK hN

FIG. 1. Feynman diagrams for the elementary reaction
y+p~K++A. The five graphs represent the lowest order,
nonresonant contributions for (a) direct, (b) scalar and vector
kaon exchange, and (c) A and X exchange.
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TABLE I. Effective coupling constants for the reaction
y+p —+K+ =A. T~p =K++A

Set l Coupling Constants

Set 1

Set 2
2.S7
2.49

1.S2
1.16

0.10S
0.226

0.064
—0.062

I

Y+p~K +A E) b= t.2 GeV

0.5—

0.2—

O. l-b

two independent sets of effective coupling constants deter-
mined" by an empirical analysis of KA photoproduction
cross section and polarization data.

Using these parameters and the above equations we
have reproduced the work of Ref. 11. Figure 2 is a
representative result verifying that both solutions describe
the data. We have also studied the relative contribution to
the production process from each meson and baryon ex-
change. Figure 3 illustrates the dominance of K and A
exchange in the zero degree lab cross section. Notice that
including X and K' exchange is also significant. It should
be stressed that the coupling constants in Table I are ap-
propriate for the energy region covered in Ref. 11, thresh-
old to 1.4 GeV. We have compared predictions with
available data at higher energies and find reasonable
agreement at forward angles (0&30'). For these angles
the differential cross section for solution set 1 agrees to
within 5% over the energy interval 1.05 to 2.2 CxeV but
overpredicts by a factor of 2 in the region 3A to 4.1 CxeV.
However, even at 5 GeV predictions for extreme forward
angles (8& 12') only average 1.5 times larger than experi-
ment. For this same energy region, solution set 2 provides
poorer agreement, since predictions are generally 50%
larger than solution set 1, except near 0 where solutions
from the two sets are essentially equal. Further, both sets
of solutions significantly overestimate the total cross sec-
tion at higher energies. However, because only the 0 am-
plitude enters our hypernuclear formation calculations,
our predictions using solution set 1 should be adequate for
energies at or below the 2 to 3 GeV region. Our higher

El b(GBV)

FIG. 3. Theoretical zero-degree lab cross section for
y+p~K++A for energies up to S GeV. The center curve
represents the full solution while the top and bottom curves,
respectively, represent the effects of X and K* exchange.

energy predictions will probably be too large and therefore
should be regarded as rough estimates awaiting correc-
tions from an improved description of the elementary am-
plitudes.

In the next section we construct the hypernuclear for-
mation amplitude using the impulse approximation and
the elementary on-shell amplitudes discussed above. Be-
cause our many-body wave functions are specified in
terms of Pauli spinors, X, (s= N or A magnetic spin
component), it is convenient to introduce an effective pro-
duction operator u (kr) by the relation

t 5(k~+kx —ky —kN)=(XA, kp, kK
~

u (ky)
~
kNXN),

(6)

which involves plane waves and Pauli spinors having nor-
malization

(k
i
k') =5(k —k'),

(x, ix, )=~„.
Combining Eqs. (3) and (6) yields

O,O l

t.0 0.5
I

0.0
cos Gc ~

-0.5 -1.0 —ik . r
e

u (kr)=a(E&) cr @~5(r—r '),

FIG. 2. Comparison of the theoretical and experimental c.m.
cross section for y+p~K++A at E=1.2 GeV. The theoreti-
cal curves represent two independent sets of empirical coupling
constants.

where cr is the baryon Pauli spin operator and a (E ) is a
linear combination of the Feynman amplitudes AJ. This
combination depends upon the I.orentz frame and is speci-
fied in the next section.
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III. HYPERNUCLEAR FORMATION AMPLITUDE

The thrust of this work is to present a realistic, theoreti-
cal survey of hypernuclear excitation through the reaction

T 5(k~+kii —kr —kg)=(jiimii, ke', kK
l
r

l
kg, o},

(8)

where the final state vector is a product of kaon and hy-
pernuclear wave functions. The many-body nuclear and
hypernuclear state vectors have unit normalization.

Invoking the factorized impulse approximation we re-

place 8 with the sum of Z effective operators v (kr), de-
fined above, which describe free on-shell production from
each target proton. We also use the frozen nucleon ap-
proximation and compute all formation cross sections in
the target laboratory frame (i.e., kz ——kN ——0). Combining
Eqs. (3), (4), and (7) yields the on-shell elementary ampli-
tude coefficient for zero-degree kaons,

kre~ I kp —1 A i+MNA3
8E+Ex e

a(Er)=

+ (E~ —kp )A4

where one of the Z protons in the target nucleus A is con-
verted into a lambda particle forming the hypernucleus
B:~B E. quation (1) also gives the cross section for this
process with the substitutions 1V~A, A~8, and t ~T .
The formation amplitude T can be computed using the
nuclear wave functions and the exact, many-body
multiple-scattering operator r which describes the ele-
mentary production in the nuclear medium. For 0+ tar-
gets and final hypernuclear states

l jemii ), we have

is a matrix element involving standard single-particle radi-
al and spin-angle functions with unit normalization

(12)

The subscripts v and p represent the quantum numbers

I n, l, j, m I for the A and N, respectively. The A
creation operator b„commutes with the N annihilation
operator a& since these particles are distinguishable.

The final approximation concerns the kaon, target nu-
cleus, and hypernucleus wave functions. We use plane
waves for the kaon and consider only closed shell targets.
Particle-hole wave functions are adopted for the final
state. %'e do not diagonalize the A-N interaction; howev-
er, we plane to examine configuration mixing in the fu-
ture. ' Again utilizing the Pock formalism we have, for
fixed initial P= InN, !N,jN, mN I and final a= In&, lz,
j~,m~ I single-particle states,

ljeme)= g ( —1)"
Nl Nmp

Q C(jNj~g) —mNmpme )b~p l
0) . (13)

Substituting Eq. (13) into Eq. (10) and applying Wick s
theorem yields for the zero-degree formation amplitude

7 i,(0O) Y y ( 1)JN Na(Er)
(2 )'

+C(jNjhJB ™NmAmB)I ii ' (14)

with

e~=E~+
The prime indicates that k~ and kK are determined by
conserving energy and momentum for the elementary re-
action y+ p~K++ A in the proton's rest frame. It is im-
portant not to confuse these values with the unprimed mo-
menta appearing in the phase space expression for the hy-
pernuclear formation cross section. Unprimed quantities,
in particular k~ and k~, represent the physical momenta
in the many-body lab frame (kq ——0). This point is ad-
dressed further in the next section where we examine off-
shell effects for this reaction.

Substituting Eq. (7) into Eq. (8) and using second quan-
tized notation for the photoproduction operator, which is
a one-body operator in the space of the target nucleons, we
obtain

XJ ——Xjj.o,
~ 1/2jXj

' 1/2j+1
Xqj+ )+ Xqj )

o. ,j

(16)

(17)

where the vector operator Xji is given in terms of the
spherical Bessel functions ji(qr),

The matrix element I p can be evaluated by standard
angular momentum techniques. Decomposing the opera-
tor into multipoles we have

e 'q''o"ei ———(2m. )'~ g( i)jj'(AX—+i X' , ), (15)
j&1

with j=V'2j+1. The magnetic, XJ"., and electric, XJ,
multipoles are, respectively,

, gl.„&jam' lb. ap l0}
a (Er)
(2~)' „„"" (10) Xji jt(qr)QC(1 lj,mp——A)$'i (r)e& . (18)

where q is the moinentum transferred to the hypernu-
cleus,

q=ky —kK,

The spherical unit vectors are defined by

e+i ——+( +ieexz)/v 2, eo ——e, ,
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and the Condon and Shortly phase convention is adopted
for the Clebsch-Gordan coefficients, C(jij2j3,mim2m3),
and spherical harmonics, 9'i . Combining Eqs. (5)—(18),
applying the Wigner-Eckart theorem, and performing the
magnetic summations produces

d

,qi&(Er)5i &All(AXJ +i' )IIN)
)

5 /2 'Y ii Jg jg

with phase specified by d =jz+jN+jz/2+1. The re-
duced matrix elements (A= —

nAl~j ~, N:n—NlNj N ) can be
directly evaluated using

&Al IXJ i.(7IIN) =(—1)"
1/2 A

INJN~Ai A~iac(iAiiN 000) '
2 1 .rl1

JN Ja

(20)

d~(0')=CC I &ll&J~IIN& I +1&All&jaIIN& I'l

(22)

a(Er) kKEKC=
2n (1 qEK /kKE—g )

(23)

Because our calculations treat a specific single-baryon
transition to a final hypernuclear state with spin j~ only
one of the two reduced matrix elements contributes. Un-

j~+1natural parity states n.ii
——( —1) involve pure electric

multipoles, while excitation of natural parity hypernuclear
states mii ——( —1) utilizes magnetic multipoles. The
complete selection rules are given by

J'
&

——J' A+ J' N ——l + 1

1
~B +A+ 2

where Tq and Tji specify the target and hypernuclear iso-
splns.

IV. RESULTS

We have calculated formation cross sections for the
three closed-shell targets "He, ' C, and Pb leading to the
respective hypernuclei AH, '~B, and ~T1. The excitation
energies and particle-hole wave functions were constructed
using single-particle eigenvalues and eigenfunctions gen-
erated by a Woods-Saxon potential of the form

involving the standard nine-j coefficient and integral over
the single-particle radial wave functions

II= QA I' JI g7 Q~ P t& (21)

Finally, combining Eqs. (1) and (19) we obtain the
zero-degree lab cross section averaged over the incident
photon polarization and summed over final hypernuclear
spin orientations,

Vof(r)=
+e (r —R)/a

TABLE II. Baryon-nucleus potential parameters.

Vp

(MeV)
~SO

(fm)
rp

(fxn)
ap

(fm)

The potential parameters, strengths Vo and A,„,radius ro,
and diffuseness a are listed in Table II. Table III summa-
rizes the predicted single-particle eigenvalues for all bound
states in the three nuclear systems.

The '&B excitation spectrum for all (lp-lh) hypernu-
clear states involving bound 1s and 1p A orbitals is
presented in Fig. 4. The relative excitation strength, com-
puted for 2.0 GeV incident photons, is indicated as a frac-
tion of the ground state (Isi~2, Is~~2), + cross section.
Solid lines represent calculations using %'oods-Saxon radi-
al wave functions while dashed lines represent the same
calculation but now using harmonic oscillator wave func-
tions. We use the oscillator parameter 1.78 fm reported in
the MIT study' and have reproduced their work as a
check on both calculations.

Notice the significant differences in the excitation spec-
trum between harmonic oscillator and %'oods-Saxon wave
functions. The use of Woods-Saxon wave functions
enhances the lambda 1s cross sections but reduces the
weakly bound lambda 1p cross sections. The 0.62 scale
factor in Fig. 4 is the required renormalization of the
( Is, &i, ls i&& ),+ Woods-Saxon cross section needed for ab-
solute value agreement with the ( Isis, ls ~~'i ) i+ harmonic
oscillator result.

Figure 5 presents a limited survey of hypernuclear for-
mation cross sections in terms of energy and target mass
number. Theoretical lab cross sections, using set 1 ele-
mentary coupling constants, are plotted for specific un-
natural parity states in ~H, '~B, and ~TI for lab photon
energies from threshold to 5 GeV. For comparison the
elementary lab cross section (dashed line), multiplied by
0.2 for illustrative convenience, is also plotted. The signi-

V(r) =f(r)+ 1 s — (r),45.2 r dr Proton
Lambda

—60.0
—30.0

18.0
0.0

1.25
1.10

0.6
0.6
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TABLE III. Predicted signal-baryon separation energies.

208 Tlh
12B
h hH

1s1/2

1P3/2

1p I/2

1d5/2
1d3/2

2$1/2

lf7n
lfsn
2p 3/2

2p 1/2

1g9/2

1gv/2
2d 5/2

2d 3/2

1h 11/2

3S1/2

—34.2
—30.9
—30.6
—26.5
—25.75
—23.0
—21.3.
—20.0
—17.0
—16.4
—15.4
—13.2
—10.0
—8.9
—9.7
—7.8

—25.85
—21.7
—21.7
—16.9
—16.9
—15.3
—11.4
—11.4
—9.2
—9.2
—5.5
—5.5
—3.2
—3.2
—0.1
—2.6

—30.2
—13.8
—9.5

—10.1
—0.1
—0.1

—13.8 —1.6

ficance of Fig. 5 is that at 2 GeV the predicted hypernu-
clear formation cross section is measurably large, about
0.5 pb. This is roughly —, of the elementary cross section.

Figure 6 highlights an interesting result which relates to
the interior probing capability of the (y, K+) process. The
three curves correspond to different numbers of modes in
the A s-wave radial wave function. The A node sensitivity
is large and should be present in more elaborate calcula-

tions' including kaon distortions, Fermi motion, and off-
shell effects. It may be possible to use the (y, K+) reac-
tion to learn more about the nuclear interior through low-
lying orbitals which are not restricted by the Pauli ex-
clusion principle.

The final four figures, Figs. 7—10, document the selec-
tive excitation aspects in kaon photoproduction. Our pre-

C(y, K')~B (J )

---- Hormonic Oscillator
Woods —Soxon x 0.62

1.2—

E lab 2,OGeV

I I I I I I

CQIVIPARISON OF ELEIVIENTARY AND

H YPERNUCLEAR FORMATION
LAB CROSS SECT)ON

PARTICLE —HOLE MODEL

1.0-
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—0.8-
I
I
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0.6-
I
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I
I I

P,P I I

Is I
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I

I
I
I
I
I
I
I
I
I
I
I
I
I

I

1+
I

I I
lI

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

I
I
I

I
t

I
I

I
I

I
I
I
I
I
I

l

I
I

I .

I
I
I
I

I
I
I
I
I
I
I

II
I

I
I
I
I

Is, ,is&-' 1p. ,1s,
-'

Ip

Conti gurotion

1.0

~b 0.5

0.0

FIG. 4. Bound excitation spectrum for ' B. Relative lab
zero-degree cross sections are normalized to the (1s1/2, 1s1/2 ),+
ground state for Woods-Saxon (solid bars) and harmonic oscilla-
tor (dashed bars) single-particle wave functions. The absolute
Woods-Saxon cross section must be multiplied by 0.62 to equal
the harmonic oscillator prediction for the (1s1/2, 1s1/2), + state.

3
E (GeV)

FIG. 5. Zero-degree hypernuclear formation cross section for
"He, ' C, and 'Pb targets. Dashed curve represents the zero-
degree elementary lab cross section, multiplied by 0.2 for illus-
trative convenience.
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Q.BO—

0.25

1 'I

s oap b (y, K') ~ T l (6 )

PARTICLE —HOLE WAVE FUNCTIONS

Ih» pr(}fQf1
/2

05 y Iowbdo ~ = 1, 2, 3

ZERO DEGREE LAB CROSS SECTION

High and Low Natural Parity States
with o- ~0. 1 p b

I I I i I

Pb(y, K+) ~ &I
BAND WIDTH= OSMeV

E
I

b= 2.0 GeV

--—E =)2t eVlob

~ 020

C}—0.15

b

.2-
CA

~ 00,
+ 0.4—

0,2-

0.0,;;

2+ 3
0.2—

7

5

4+

0,05
0.0

0

1
I
I

5 l 0 I 5 20 25 30 55 40
E„(MeV)

0,00

Eicb («~)
FIG. 6. Hypernucleus cross section sensitivity to A single-

particle wave function. The three curves represent identical cal-
culations using 1s ~~~, 2s~q~, and 3s~q~ A radial wave functions.

FIG. 8. I.ow and high spin, natural parity spectrum predicted
for AT1. Only states with lab cross sections larger than 0.1 pb
are indicated. The excitation energy is computed using the
single-particle energies summarized in Table III. Cross sections
for states having the same spin but different configurations have
been added if their excitation energies are within 0.5 MeV.
These "complexes" are indicated by horizontal marks.

dictions are for the reaction Pb (y, K+) ~T1 at energies
1.2 GeV (dashed lines) and 2.0 GeV (solid lines). The dis-
tribution of strength for the substitutional states (p~A in
the same orbital configuration) is illustrated in Fig. 7.

SIJBSTITUTION STATES

---- EI b
= I.2 GeV

EIab =2.OGeV

208Pb ( y K+) 208 T I

ZERO OEGREE LAB CROSS SECTION
7+

—0.3—

o 02—

b
c3 0)

1+

7+
g+

I

l
t
l
I
I

I
I t
I
I

I I
I

I 1
l
I li
I I
I

&99~

I
I
I

c)t
I
t
I
I
I
I
I
I
I
I
I

I
t

I
I

g+

I
I
I

11

I

I

I I t

lip

3+

l
I
I
I
I
I
I
I
I
I
I
I

3+

$51, 2d3 2d~ 25t
0.0 '

2pg

AND

1fy 1p31s
Iy

w CON Fl GURATt ON

FIG. 7. Dominant substitution states predicted for AT1. For
each A and p single-particle configuration (identical) the largest
cross section and corresponding final spin parity is represented.
In this figure, as in Figs. 8—10, cross sections are plotted for
E~,b ——1.2 GeV (dashed lines) and 2.0 CxeV (solid lines).

Medium and high spin states are preferentially excited. In
Figs. 8—10 we have indicated the excitation energy and
strength of all lp-lh states excited in „Tl which have
cross sections greater than 0.1 pb and excitation energies
less than 40 MeV. Notice that unnatural parity states
dominate the spectrum. This is expected since, as Eqs.
(16) and (17) indicate, the unnatural parity transition
operator XJ is more effective in transferring linear and
angular momentum than is the natural parity transition
operator Xj. Also notice that high spin states are more
strongly excited at 1.2 GeV than at 2.0 GeV while the re-
verse is true for low spin states. This can be understood
from the monotonic decrease of the momentum transfer q
with increasing energy and the property of the spherical
Bessel functions [j~(qr) peaks for l=jz —qR] governing
the radial integrals [Eq. (21)].

The physical hypernuclear excitation spectrum will not
exactly resemble our predictions. The true states have a
natural width and overlap, especially at higher energies.
Limitations introduced by experimental resolution com-
pound this effect and generate a spectrum characterized
by groups or complexes of states. %'ith this in mind we
have combined all predicted states having the same spin
and parity that are separated by less than —, MeV. The
presence of "theoretical" complexes are represented by
horizontal bars in Figs. 8—10. The use of improved
structure wave functions may also introduce further
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FIG. 9. Same as Fig. 8 for low to medium spin unnatural
parity states.

FIG. 10. Same as Fig. 8 for medium to high spin unnatural
parity states.

changes. The diagonalization of the AN interaction, even
though relatively weak, can in certain situations ' ' lead
to significant mixing and redistribution of excitation
strength. This correction will be included in future calcu-
lations. ' %'e conclude that all strongly excited states
predicted in this work are logical candidates for mixing.

Another deficiency, common to all shell model calcula-
tions, is that our wave functions are not translationally in-
variant (spurious center of mass effects). If many-body
harmonic oscillator wave functions are used this error can
be corrected by simply multiplying the matrix element in

~b 2/4AEq. (19) by e ~ " where b is the oscillator parameter.
We have omitted this refinement and consider it to be
more consistent with the next level of improved calcula-
tions that include kaon distortions. As is often true for
independent corrections, these two effects tend to be
offsetting since matrix elements will be reduced by distor-
tions and increased by the center-of-mass recoil correc-
tion. Further, because we use Woods-Saxon wave func-
tions the choice in oscillator parameter is ambiguous. In
any event, using the values' b =1.34 for He and 1.70 for
' C we estimate that the matrix elements would be
enhanced by a factor of 1.34 for He and 1.16 for ' C at
1.2 GeV. At 2 GeV the respective corrections are 1.20
and 1.10. This effect, being of order 1/A, is negligible for
20sPb

We briefly summarize other studies which have been
conducted. We estimate that for both light and heavy tar-
gets the (y, K) process is predominantly quasielastic and
quasiinelastic. This conjecture is based upon an approxi-

mate energy independent sum rule. Following Dalitz and
Gal we sum the plane wave cross section Eq. (22) over
all final hypernuclear states f (both bound and in the con-
tinuum) and invoke closure to yield

(O, yA ~K+8)=Z -(O, yp ~K+A) . (24)
do'

dQ ' df1

Quasielastic and quasiinelastic processes generally pro-
duce unbounded A particles described by continuum wave
functions. The probability for this occurrence is the com-
plement to the A "sticking probability. " From Eq. (24)
the latter is given by Z,rr/Z where the effective proton
number is

Zeff

(O, yA ~Kg 8)dA
feb

dQ
(0', yp ~K+A)

(25)

and the sum is over only the bound state spectrum. We
have estimated Z,ff by computing do~/dQ for all 1p-1h
bound states (about 60 significant levels for &Tl). Table
IV lists our results for the hypernuclei ~H, '&8, and ATl
at lab energies 1.2 and 2.0 GeV. The low A sticking prob-
abilities are associated with the high momentum transfer.
Because q decreases with increasing energy more of the
sum rule is exhausted at 2 GeV.

The plane wave hypernuclear sum rule, Eq. (24), can
also be used to estimate kaon distortion effects. The dom-
inant distortion effect is from absorption which, to first
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TABLE IV. A sticking probabi1ities for the reaction
A (,y, K+)hB.

208 T1h

E) b=1.2 GeV

0.01
0.06
0.05

E~,b ——2.0 GeV

0.04
0.13
0.09

oR —— f ~
1((r) (

W(r)dr,
RU

which simplifies in the optical limit of Glauber theory to

o„=2~f (1 e ""u—db-,

X(b)=o„„f p (r)dz .

For a uniform mass distribution of radius 8 we can exact-
ly evaluate o R and obtain, for the renormalization factor,

—1+(1+x)e3 X

X

where x is the ratio of the nuclear diameter to the mean
free path

2RX=

Using the value ro ——1.25 from Table II to compute R and

order, will reduce absolute cross sections but not appreci-
ably alter cross section ratios. Computing the photopro-
duction cross section with kaon distorted waves f(r)
modifies the sum rule result by replacing the physical
charge Z with ZD~ given by

ZDw =f ~
P(r)

~ p, (r)dr,

where p, (r) is the target charge density normalized to Z.
Plane wave cross sections are therefore renormalized by
I:=ZDw/Z&1 leading to a reduction factor of 1 F. —
Assuming that both the charge density and absorptive
component of the kaon optical potential W(r) are propor-
tional to the matter density p (r), we have

ZDw ——"
~
f(r)

~

'W(r)dr,Zp (0)
A 8'0
ZA, op

V

Here V=A /p~(0) is the target volume and A. is the kaon
mean free path

1

p (0)oKN

AU

2W(0)

involving the kaon velocity U and the average kaon-
nucleon total cross section crKN. The quantity o.~ is the
kaon nucleus reaction cross section

X —Oo 3A 0KN o

In our photoproduction calculations the kaon momentum
varies from 0.5 to 4.8 CxeV as the photon energy E& in-
creases from 0.9 to 5 GeV. In this energy range the
kaon-nucleon cross section increases from 12 mb to a peak
of 18.5 mb at Er ——1.5 GeV and then slowly decreases to
about 17 mb over the remaining interval. For ' C
I =0.75 just above the production threshold and decreases
to a minimum of 0.65 at Er ——1.5 GeV. For Pb F
varies between 0.51 and 0.39 for this same energy interval.
Summarizing, distortion effects should not be too large
for light nuclei, roughly 30%. For heavy targets this ef-
fect becomes almost twice as important, between 50 and
60%, and should be included if accurate absolute cmss
sections are desired. Furthermore, since we utilize a sum
rule to estimate distortion effects, we have obtained an
averaged renormalization factor. For excitation of specif-
ic hypernuclear states, especially those involving a deeply
bound A as in Pb, distortions could be even more im-
portant with renormalization factors perhaps as low as
0.1. Distorted wave calculations, which are in progress, '

will provide definitive assessments of this effect.
We also have examined the sensitivity of the theoretical

formation cross section to uncertainties in (1) the A spin-
orbit interaction; (2) elementary coupling constants, and
(3) off-shell and momentum dependence of the elementary
amplitudes. For &Tl varying the A spin-orbit strength
A,„VO fmm 0 to —,

' of the proton value produces only
small changes in the cross section, except for weakly excit-
ed states having cross sections less than 0.1 pb. Thus it
may be necessary to examine the analyzing power (polar-
ized photons) to learn more about the relatively weak A
spin-orbit interaction.

Changing the fundamental coupling constants from set
1 to set 2 (see Table I) produced very small effects in the
hypernuclear cross section. Cross sections differed by
about 2% when averaged over the energy interval from
threshold to 5 GeV.

The results from the off-shell study are inore signifi-
cant. Our calculation uses the on-shell amplitudes
evaluated in the target rest frame. We have extrapolated
the amplitude coefficient a(E&) defined by Eq. (9) off
shell by replacing primed kinematical quantities with cor-
responding unprimed values. The unprimed quantities are
determined from energy-momentuin conservation in the
many-body frame. For the kaon pK does not significantly
differ from pz, however, p~ and pz may differ substan-
tially due to the large inomentum transfer. For consisten-
cy p~ was determined using the frozen baryon approxima-
tion which requires both the lambda and the outgoing hy-
pernucleus to have the same lab velocity. With this
prescription we computed the "off-shell" amplitude coef-
ficient a (Ez ) and new cross section. For the
(lsi/2, Ip3/z)z in 'zB the cross section is significantly

larger, between roughly a factor of 3.5 at threshold and
about 2.0 at E~,b ——2.0 GeV. Although this is a large ef-
fect, one should be cautious in concluding that off-shell
effects are important in the (y, K) reaction. Our off-shell



28 HYPERNUCLEAR EXCITATION THROUGH KAON. . . 1677

TABLE V. Electroproduction cross section estimates for several final hypernuclear states. Cross

sections, in units nb/(CxeVsr ), are computed for three different sets of particle kinematics. Energies
are in GeV's.

AB((nlj)&', (nlj)&) ~

PH(1$ $/2, 1$//2), +
12 —1pB(1$ )g2, 1$(/2), +

B(1p3/2s 1$1/2 2

w Tl( ld 5gz, 1f7/z )6

"~T1(lfen lg9n), —

Set 1

E,=2.0, Ey ——1.0
0, =10'

0.22

0.50

1.09
0.50

10.14

Set 2
E,=1.3, E,=1.2

0, =5'

2.04
4.54

7.71

6.07

9.79

Set 3
E,=3.0, Ey ——2.0

0, =4.6'

7.78

16.28

18.13

13.34

5.98

prescription is ambiguous and incomplete since the invari-
ant amplitudes Ai, A3, and A4 appearing in Eq. (9) have
remained unchanged. Because they are functions of the
elementary Mandelstam variables they also should be ex-
trapolated off shell. A more detailed study including this
effect will be reported in a future communication. ' Care-
ful documentation of the off-shell behavior is important
in order to utilize this reaction to probe nuclear structure
and also to learn more about the elementary process in
ways that are not feasible in particle experiments.

Qur final result concerns hypernuclear formation
through kaon electroproduction, A(e, e'K+)~8. Calcula-
tions for the complete one photon (virtual) exchange cross
section for this process are in progress. We wish to deter-
mine if this reaction can be used to study the longitudinal
hypernuclear form factor (structure function) which does
not enter the (y, K) analysis. As a prelude to that investi-
gation and also to provide further information for assess-
ing the relative merits of (y, K) versus (e,e'K) experiments,
we present here approximate electroproduction cross sec-
tion calculations for the three hypernuclei studied in this
work. For a discussion of the experimental considera-
tions, including count rate estimates and coincidence elec-
troproduction measurements, consult the recent work by
Bernstein. In the limit of real photon kinematics (virtu-
al photon's mass approaches zero) the electroproduction
lab cross section tr depends only on the transverse form
factor and is proportional to the lab photoproduction
cross section

Q
3

dQ, dE, dQK

E, ky
(y, K) . (26)

2& 1 —«. (E', —k', ) «&
Here a =,37 is the fine structure constant and E, and E;
are the electron's initial and final lab energies. The virtual
photon's energy E& and momentum k& are no longer
equal and independently satisfy

E,=Z, —E,.=k, —k, ,

ky ——k, —k, ,

where k, and k, are the electron's initial and final
momentum. The quantity e is a measure of the virtual

photon's transverse linear polarization and in the limit of
real photon kinematics E„~kr is given by

1 k,k,—+1+2
1 —e ky

Table V lists the electroproduction cross sections for excit-
ing specific hypernuclear states in xH, 'zB, and &Tl.
The cross section for zero-degree kaons has been calculat-
ed for three different sets of electron kinematics: (1)
E,=2.0 GeV, E;=1.0 GeV, 8, =10; (2) E,=1.3 GeV,
E;=0.1 GeV, 0, =5'; and (3) E,=3.0 GeV, E, =1.0
GeV, L9, =4.6'. These sets permit direct comparison to
the electroproduction estimates of other investiga-
tors. ' ' Set (1) is used in the Lee-Schiffer work
which reports for 'xB ( lsi/z, ls i/2), + a =10
pb/(GeV sr ) while set (2) is the choice used in the Fetisov
et al. estimate which predicts for AHe (ground state)
cr =10 pb/(GeV sr ). Bernstein presents experimental
considerations which favor set (3). His estimate for 'AB

(1s&&z, ls&~z), + is o. =7.2)&10 pb/(GeVsr ) with a
corresponding kaon count rate of 27 counts/hour assum-
ing a 50 pA electron current and a target thickness of 0.25
g/cm . Our results are similar to Bernstein's and we
concur with his conclusion that coincidence experiments
of the tagged photon or (e,e'K) type should be feasible us-

ing a 100% duty cycle electron accelerator.

V. CONCLUSION

The thrust of our work has been a theoretical survey of
hypernuclear excitation through kaon photoproduction.
In summary we predict the following: (1) measurable hy-
pernuclear formation cross sections for a wide variety of
energies, targets, and final excited states; (2) selective exci-
tation of unnatural parity states; (3) a predominantly
quasielastic nature for the (y, K) reaction with an approxi-
mate A sticking probability of 0.1; (4) cross section sensi-
tivity to different A single-particle orbitals but insensitivi-
ty to the A-nucleus spin-orbit interaction and the funda-
mental coupling constants; (S) excitation of medium to
high spin states at high momentum (E~,b —1.2 GeV) and
low to medium spin states at lower momentum transfer
(E~,b—2.0 GeV); and (6) measurably large electroproduc-
tion cross section estimates.
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Because kaon photoproduction is the weakest nuclear
interaction involving a hadron it is the ideal probe for
both nuclear and hypernuclear structure, especially for
studying transition spin densities and unnatural parity
states. The reaction mechanism is reasonably understood
and is amenable to an accurate theoretical description.
The only uncertainties concern the energy and off-shell
behavior of the elementary amplitudes. For energies
above 1.2 GeV it may be necessary to include contribu-
tions from baryon resonances. " It would also be useful to
have a phenomenological analysis of the y+p~K. ++A
reaction for energies between 1.2 GeV and 3.0 GeV. Be-
cause of the large momentum transfer associated with the
(y, K) process off-shell effects may be significant and fur-
ther detailed study is planned. ' Other topics which we
intend to investigate are X hypernuclei, a more exact elec-
troproduction survey, and kaon photoproduction through
strange quark pair creation. Owing to the weak absorp-
tion associated with kaon photoproduction a comparison
of a quark versus a meson-baryon exchange picture may
provide useful insight.

In conclusion, advancing the field of hypernuclear
physics and obtaining a comprehensive understanding of
hypernuclei will require extensive reaction analyses using
the complementary excitation processes (K,m. ),
(ir+, K+), (y, K+), and (e,e'K+). Experiments involving
the purely hadronic reactions have already been performed
and future experiments are expected. However, no elec-
tromagnetic excitation experiments have been conducted
since an intense high energy electron accelerator is neces-
sary. In view of the many unique, attractive aspects of
electroexcitation and photoexcitation and the significant
potential of hypernuclear physics, proposals for such a
facility merit serious consideration.

ACKNOWLEDGMENTS

The authors wish to acknowledge support provided by
the U. S. Department of Energy. Also acknowledged are
useful discussions with A. M. Bernstein, T. W. Donnelly,
R. H. Dalitz, F. Tabakin, and L. Ludeking.

M. Danrsz and J. Pniewski, Philos. Mag. 44, 348 (1953).
2Proceedings of the International Conference on Hypernuclear

and Kaon Physics, Heidelberg, 1982, edited by B. Povh. See
also Proceedings of the International School of Intermediate
Energy Nuclear Physics, Verona, Italy, 1981, edited by R.
Bergere, S. Costa, and C. Schaerf.

L. Kisslinger, see Ref. 2, p. 49.
4A. M. Bernstein, T. %'. Donnelly, and G. N. Epstein, Proceed-

ings of the Symposium on Perspectives in Electro- and
Photo-nuclear Physics, Saclay, 1980.

58. Povh. Annu. Rev. Nucl. Sci. 28, 18 (1978).
C. B. Dover, L. Ludeking, and G. F. Walker, Phys. Rev. C 22,

2073 (1980).
7Future Directions in Electromagnetic Nuclear Physics, edited

by P. Stoler, 1979; see also Argonne Reports Nos. ANL-
PHY-79-2, 1979 and ANL-82-22, 1982.

sS. R. Cotanch, in Proceedings of the Ninth International
Conference on High Energy Physics and Nuclear Structure,
Versailles, 1981, edited by P. Catillon, P. Radvanyi, and M.
Porneuf (North-Holland, Amsterdam, 1982), p. 367.

9S. Hsiao and S. R. Cotanch, Bull. Am. Phys. Soc. 27, 531
(1982).

I S. R. Cotanch and S. Hsiao, see Ref. 2, p. 327.
H. Thorn, Phys. Rev. 151, 1322 (1966).

~ J. H. Koch and T. W. Donnelly, Nucl. Phys. 8 64, 478 (1973).
~3A. Nagl and H. Uberall, Phys. Lett. 638, 291 (1976).

G. N. Epstein, M. K. Singham, and F. Tabakin, Phys. Rev. C
17, 702 (1978).

M. K. Singham, G. N. Epstein, and F. Tabakin, Phys. Rev.
Lett. 43, 1476 (1979).
A. M. Bernstein, T. W. Donnelly, and G. N. Epstein, Nucl.
Phys. A358, 195 (1981).

I7M. Gourdin and J. Dufour, Nuovo Cimento 27, 1410 (1963).
T. K. Kuo, Phys. Rev. 129, 2264 (1963).

' S. Hsiao, L. Ludeking, and S. Cotanch (unpublished).
E. H. Auerbach, A. J. Baltz, C. B. Dover, A. Gal, S. H. Kaha-
na, L. Ludeking, and D. J. Millener, Phys. Rev. Lett. 47,
1110(1981);S. H. Kahana (private communication).

R. Sinha and A. K. Kerman (private communication).
R. H. Dalitz and A. Gal, Phys. Lett. 64B, 154 (1976).
A. M. Bernstein, see Ref. 2, p. 409.

~4A. Donnachie, High Energy Physics, edited by E. H. J. Burhop
(Academic, New York, 1972), Vol. V.

25J. Schiffer and T. S. H. Lee, Argonne National Laboratory
Report ANL-82-83, 69, 1982; and private communication.

26V. N. Fetisov, M. I. Kozlov, and A. I. Lebedev, Phys. Lett.
38B, 129 (1972).


