PHYSICAL REVIEW C 66, 054007 (2002

Charge-symmetry violation in pion scattering from three-body nuclei

A. E. Kudryavtset and V. E. Tarasov
Institute for Theoretical and Experimental Physics, 25 Bolshaya Cheremushkinskaya Street, Moscow RU-117259, Russia

B. L. Berman! W. J. Briscoe® K. S. Dhugd, and I. I. Strakovsky
Center for Nuclear Studies, Department of Physics, The George Washington University, Washington, D.C. 20052
(Received 22 April 2002; published 27 November 2002

We discuss the experimental and theoretical status of charge-symmetry vigla8sfi in the elastic scat-
tering of 7+ and 7~ on 2H and 3He. Analysis of the experimental data for the ratigs r,, andR at T,
=142, 180, 220, and 256 MeV provides evidence for the presence of CSV. We describe pion scattering from
the three-nucleon system in terms of single- and double-scattering amplitudes. External and internal Coulomb
interactions as well as th&;;-mass splitting are taken into account as sources of CSV. Reasonable agreement
between our theoretical calculations and the experimental data is obtaireg=di80, 220, and 256 MeV. For
these energies, it is found that the;;-mass splitting and the internal Coulomb interaction are the most
important contributions for CSV in the three-nucleon system. The CSV effects are rather sensitive to the choice
of pion-nuclear scattering mechanisms, but at the same time, our theoretical predictions are much less sensitive
to the choice of the nuclear wave function. It is found, however, that datg fandR at T .= 142 MeV do not
agree with the predictions of our model, which may indicate that there are additional mechanisms for CSV
which are important only at lower energies.
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I. INTRODUCTION For pion elastic scattering froriH and *He, one can
consider three mirror ratios formed from the differential

: _ . cross sections:
The issue of charge-symmetry violatie@SV) is funda-

mental to our understanding of hadronic interactions, and

many experimental and theoretical studies have addressed do/dQ (71 3H)

this issqe(see review, Rei{l]).. In the framework of QCD, rl:m’

CSV arises from the mass difference between uhend d

quarks. The other principal cause for CSV comes from the

electrqmagnetic iqteraction. . . do/dQ (7 3H)
Weinberg[ 2] pointed out that the effective chiralN La- fp=—————,

i ing from QCD, contains a term which violates do/dQ (7" *He)

grangian, coming ,

charge symmetry(see, also, a recent review by Meissner

[3]). Thus, not only are there kinematic reasons for CSV due

to the mass differences within baryon multiplets, but direct

CSV effects should exist as well. Recently, Gashal. [4]

analyzed low-energyrN scattering data, and found some whereRis referred to as the “superrati¢7]. The7*3H and

indications for direct CSV effects in the strong-interaction7 >He scattering cross sections are isomirror ones, as are

sector. 7w 3H and 7 3H. If charge symmetry were conserved, all
Another way to Study CSV is through the pion_nudearthree ratios would be equal to Unity. Of course, the Coulomb

interaction in the lightest nuclei, particularly via isomirror interaction is not charge symmetric and has to be taken into

elastic scattering. For the deuteron case,#fiel cross sec- account. _

tion is compared with that forr—d in Mastersonet al. [5] The experimental study of these ratios has been concen-

. trated on large-angle scatteripgverywhere below all angles
and Baruet al.[6], but only small differences are found. .
[6] y are quoted in the center of magsm)| because the Coulomb

interaction, which intrinsically violates charge symmetry,
makes a significant contribution in the forward-scattering re-

R=I’1~I’2, (1)

*Email address: kudryavt@heron.itep.ru gion. In a series of LAMPF experimenfg—10Q, the ratios
TEmail address: tarasov@Uvitep5.itep.ru (1) were measured in the range of thgy(1232) 7N reso-
*Email address: berman@gwu.edu nance. Significant deviatioriseveral standard deviations
SEmail address: briscoe@gwu.edu from unity (up to ~20%) was observed far, andR in the
'Email address: dhuga@gwu.edu angular range outside of the Coulomb cofig;30°. In ad-
TEmail address: igor@gwu.edu dition, strong angular dependence of bothand R was ob-
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served in the angular interval betweéhl=60° and 90°. symmetric wave functions for both nuclei. A different ap-
These CSV effects are much more pronounced®drand  proach was used in Ref15], where the difference in the
3He than for2H, where the observed asymmetkytis not ~ WFs of ®H and *He was taken into account explicitly. In all
nearly as large: it is only about 2%see, for example, Ref. Of these approachd43-19, the difference in the structure
[5]). In addition, inelastic-scattering data for the ratigsat of the three-nucleon system results in a sharp enhancement
excitation energy below 20 MeV have been reported in RefOf the ratiosr, andR in the angular range 662¢=<90°.
[11], and elastic differential cross sections at back angles in ©One of the reasons for this behavior of the angular distri-
Ref. [12]. b_utlon is tha’F the elastic dlffergnUaI cross section in the
Thus, CSV effects manifest themselves clearly in thesmgle—scattermg approach contains a significant contribution

three-nucleon system, even if they are very small in the deuath_s’ra"?‘" s;:atttgr;ngthandgle_s ?;thas a mlr}:_munwelr_ttfa(()j
teron case. For this reason, the main goal of our theoretic Ich IS refated o the dip in (e Non-Spin-tiip amplitude.

analysis is the elucidation of the mechanisms that enhanc herefore, even a small contribution to th? Interaction that
Violates charge symmeti.g., the Coulomb interactidican

CSV in the three-nucleon system. In other words, can the roduce an enhanced effect. The influence of Ahgmass

opserved enhancement be dug only to the well'-known ma litting on the observed CSV effect might also result in a
differences of the hadron multiplets together with the Cou'large effect in this angular range

lomb interaction? Previous studies have indicated that the Moreover, to understand the angular distribution in detail

main reason for CSV in the case of the deuteron is the masg,e myst look beyond the single-scattering approach to the
difference of the charga ;3(1232)-isobar states. The influ- N interaction. We therefore examine the contributions of

ence of this effect on the scattering amplitude of té |, single- and doubleN scattering to the pion-nuclear

elastic scattering was discussed in the papers by MastersQaitering amplitude following techniques developed in Ref.
etal. [5] and Baruetal. [6] for single and single-with- g \ve then take CSV effects into account to obtain expres-
double scattering, respectively. Naturally, as the number o,

X : ; 4 ‘ i _-sions for the ratiog1), which are then compared with the
multiple-scattering diagrams increases with an increasing, herimental dat&7—10].

number of nucleons, one expects the effect of Ahgmass
splitting to be more prominent fotH and 3He than for?H.

In addition to the interaction between charged pions an
nuclei due to the external Coulomb force, there is an interng|
Coulomb interaction due to the difference in the wave func-,
tions (WF9) of 3H and ®He. (Note that in terms of the strong

An analysis of the experimental status for the ratibsat
energies spanning th#&s; resonance is given in Sec. Il. In
ec. lll, we explain how the basic ingredients of the scatter-
g amplitude and the constraints of single and double scat-
ering are combined forr*H and m>He elastic scattering. In
, i X : Sec. IV, we derive expressions for the scattering amplitudes,
|nter3act|on, there is no difference between the WFs’kif taking into account all three effects responsible for CSV. In
and “He.) One difference in these WFs arises from the ad-gac v/ we discuss the influence of these factors on the ratios
ditional Coulomb repulsion between the two protons'fte, (1) to show the effect of the individual CSV factors, and we
which is not present irtH. _ 5 compare the results of our calculations with the data. In Sec.

In Ref.[13], the difference in the structure 6H and*He /| \ve discuss some related issues associated with CSV ef-

has been described by a first order optical potential in thgects in other nuclei over broader ranges in energy and scat-

magnetic form factors extracted from experimental data on

elastic electron scattering froH and 3He were used. A
more detailed analysis of piotH/®He elastic and inelastic Il. ANALYSIS OF THE EXPERIMENTAL STATUS

scattering was reported in R¢f4], where an optical single-  csv in pion-nucleus scattering was first claimed to have
scattering pion-nuclear potential, calculated at a microscopigeen observed in the difference of totafd cross sections
level with a realistic three-nucleon wave function, was usedeasured at P$L6], and ascribed to tha szmass splitting.
No reasonable description of the CSV effects was achievegssentially, the total cross section is mainly determined by
when the calculations were performed with iS0Spin-the forward-scattering amplitude, which at small angles can
be approximated well by single scattering. In this approach,
the different charge states of tide; are excited inm" and
lHistoricaIIy, the CSV experimental data far~d elastic scatter- m scattering on the deuteron, and the result is the small
ing have been evaluated in terms of the asymmaiyy observed CSV effect. This has been discussed wickbe
B . e.g., the book by Ericson and WeigE?]). The situation with
_do/dQ (7" d)—do/dQ(7"d) the observation of CSV effects in the"d differential cross

m dg/dQ(W—deg/dQ(ﬁm)' sections is less clear. The first systematic study of the CSV
effect in the differentialz=d cross sections was done at
If we definery by analogy with the ratiogl), we get LAMPF [5]. There have been several subsequent measure-
ments at LAMPF and TRIUMF for botlr*d and 7=~ d (see
: _do/dQ(77d) N Ref.[6] for detailg. The experimental data weakly suggest a
d_d(r/dQ(ﬂ'+d) —LTe small effect in the asymmetrx . for the deuteron. For ex-

ample, in Ref[5], an asymmetnA,=2% at 143 MeV near
and for smalle we haveA . =e€/2. Thus,ry=1+2A_. 90° in the c.m. frame is reported. However, Srathal.[18],
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in an independent measurement done at TRIUMF, reported
asymmetries of-1.5+0.6% at back angles and various en-
ergies. Thus, the magnitude of CSV is at most 1%—-2%, the
sign is uncertain, and the experimental uncertainties are only
slightly less than thé\ . values themselves.

At about the same time, however, measurements of the
ratios (1) for ®H and 3He at LAMPF obtained significantly
larger effects. The first evidence for a sizable CSV in the
differential 7 3H/*He cross sectiodsbelow and at thel 55
resonance was seen for the range of c.m. scattering angles
between 45° and 95%7]. The effect seems to peak near 80°
in the c.m. frame(e.g.,r,=R=1.2 at 180 MeV[7]). The
experiment was repeated with better statistics and systemat-
ics for approximately the same range of scattering angles at
energies spanning th&s; [8] and beyond9]. These mea-
surements also were extended to backward angles from 120°
to 170°[19] and are reported in the previous pafEd]. The
experimental data for all three rati@$) for incident pion k1

energies between 142 and 256 MeV are shown in Fig. 1 of ~ p/1 /

the associated paper by Brisceeal. [10]. The agreement ~

between the four data sets, on the whole, is very good. The C\
bump observed at-80°, corresponding to the minimum in ~
the non-spin-flip amplitude, is obvious in the ratigsandR A ,
for 142 and 180 MeV(below and on theAs; resonance P13 . 4 P2
Thus, CSV effects inr>H and >He scattering are large and P3 ~
statistically significant. The main goal of the present work is Sa

to provide a theoretical basis for these large effects in the P2 .

three-nucleon system. > O,
A ke

ll. AMPLITUDES OF PION ELASTIC SCATTERING b
FROM °H AND 3He )

We formulate the pion-nuclear amplitude in the range of FIG. 1. (8 Single- and(b) double-scattering diagrams used in
the A3 resonance as a combination of a single- and doublethe present calculations for=*H/°He elastic scattering.
scattering of pions from the nucleons in the nucleus. For the R
A=3 nuclei, the appropriate diagrams are shown in Fig. 1Here, t and 7/2 are the isospin operators of the pion and

The elementaryrN amplitudef .y is taken as th®s;partial  nucleon, respectively; and 7 are Pauli matricess; andk,
wave, as ifrN scattering takes place entirely through the are the unit vectors in the direction of the incoming and
A 33 resonance: outcoming pions in the c.m. frame, respectively, &lgq is

the pion momentum in the c.m. frame. Everywhere below,

f = fp,,: ST, (20 we use the following notation:
where S=a+h, a=2 (k;-k,), b=(a-b), b=i[k,xk,].
4
Py= 27k [e?93K — 1], The WF of the®H and *He can be written as
cm
3
andS andT are the spin and isospin projection operators for = lﬂ(rl,rz,rg)zl Xi-Yi, )
i=

the #N system for total spin 3/2 and isospin 3/2:

1 whereX; andY; correspond to the spin and isospin parts of
§=2(Ky-kp) +i o [kixko], T=3z(2+1-7). (3@  the WF, respectively,

1 1 - -
. _ o o Xi= =0 oxi), Yi=—=(n ) (] T,
To eliminate some systematic uncertainties, normalized yields \/E \/E
were used for the experimental determination of the ratldps (6)
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where y and » are the spinor and isospinor of the nucleus,and isospin variables of the nucleons. As in R&0], the
respectively, ang; , xj, andxy (7, »j, 7 are the spinors  single-scattering amplitude, is

(isospinorg of the nucleons of the nucleus,|, andk are

cyclic). Equations(6) represent states of pairs of nucleons IA:1=F(A$)fp33 Aq, 9
(jk) such that their total spi®=0 and their isospimT=1.

The representatiofb) for the WFs of °H and °*He can be whereF(A) is a nuclear form factor defined by E@4) and

SIE; ?e;“izsegiézhgzrg ;oge%lzlg?ted wave configurations of MUZ is the three-momentum transfer. The operakgracts on

The coordinate part of the WF is taken into account in athe nuclear spin and isospin variables and is expressed as

symmetric form corresponding to a sim@@eshell model. In 1
the following calculations, we use two different forms of the A=Z[(6+1-T)a+(2—1-7)b], (10
radial WF: 3

(i) The simple Gaussian form - i i )
wherea andb have been defined in E¢4). Calculating the

matrix element from the operatdt; on isotopic variables,
we get

3
I 1 .
lﬂ(fllrzars)MGXF{—z—bzizl (ri—TRg)?|, (7) L
37 a+b) for #"3%He and = 3H scattering,

=>b
i
I

whereb=1.65 fm andRy=3(r,+r,+r3), taken from Ka- 1(5 a+3b) for #*3H and = 3He scattering.
malov et al. [14]. The slopeb=1.65 fm was chosen in Ref. 3

[14] by a best fit to the experimental data for thid charge (11)
form factor below momentum transf€=400 MeV/c [21]. Py ) _ )

This form of the WF fails to reproduce the minimum of the /N t€rms of A4, the expression for the differential cross sec-
charge form factor aQ@~710 MeV/c, however, the elastic tion with unpolarized particles yields

m*3He differential cross sections are reproduced well at

T,=100 and 200 MeV, and at backward-scattering angles, d_U:FZ(A*) Ifp (k)|ZETr{7A\1+7A\1}, (12)
the results of the calculations with the WP tend toward dQ 32
the suppression seen in the experimental cross sedtidhs
(i) The two-component Gaussian parametrization where
1 < +,-’.>
ETr{Al Aq}

)

2 3
I o . -
tlf(rl,rz,rs)=NmE=1 Dmexl{_Tm le (ri—Ro)?|, 1
§(1+ 195 z2) for w**He and 7w 3H scattering,

whereD;=1, D,=—1.9, ;=0.70 fm 2, a,=2.24 fm 2, 1 ) +3 _3 ,
andN is a normalization constant given in Appendix A. This 9(9+91 Z’) for m™°H and = “He scattering,
WF was successfully used by Foursatal. [22] for the de- (13
scription of the differential cross sections for the reaction .

“He(p,d)®*He at 770 MeV for a wide range of scattering wherez= (k;-k,)=cosé. In additional to a lower form fac-

angles. The WH®8) reproduces the minimum of théHe o F(A), the angular dependence @&/d() is determined
chargg form factor aQ =670 MeV/c, but is larger than the by the factors of Eq(13). Expressiong12) and (13) show
experimental data at momentum transfe@~300  hatdg/dQ is suppressed a=0 (9=90°), where only the
—400 MeVic. spin-flip N amplitude contributes. Thus, for te=3 case,
there is a more significant spin-flip suppression than for the
) ) o deuteron case, whefsee, for example, Ref6])
A. Single-scattering approximation

The diagram in Fig. (& corresponds to the single- do g
scattering approximation for the elastic pion-nuclear scatter- dQ
ing amplitude. To calculate this amplitude, we need to com-
pute the matrix element for the operat@) between initial- and the minimum in the cross section is much weaker. We
and final-state wave functions. We neglect both the Fermnote that this kind of suppression of the spin-fii ampli-
motion of the nucleon inside the nucleus and the off-sheltude in the single-scattering term for tHél/°He case was
corrections to therN amplitudes in expressiof2). (We dis-  pointed out in Ref[7], following Ref.[23].
cuss the accuracy of both of these approximations in Sec. In Figs. 2—5, the single-scattering contributions to the dif-
VI B.) Taking nuclear WFs in the forrtb), we exclude spin ferential cross sections for incident pion kinetic energies

~(1+5 2%
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FIG. 2. Differential cross sections fer”3H/3He elastic scattering fof , = 142 MeV. Plotted are results f¢a) and(b) WFs(7) and(c)
and (d) WF (8). Experimental data are from Refg] (diamonds, [8] (circles, [9] (triangle3, and[10] (squarel with 7" 3He/H (filled
symbols and 7 3He/*H (open symbols The cross section&) and(c) are for 7+ 3He and# 3H and(b) and(d) for 7**H and 7= 3He.
The solid curves give the total contribution. Results for single and double scattering alone are shown by the dashed and dotted curves,

respectively.

T,=142, 180, 220, and 256 MeV, for both versions of thefunction for the intermediate state, which, neglecting kinetic
radial part of the WF47) and(8), are shown by the dashed energy of the intermediate nucleons, has the form

curves.
G,=(k}—8+i0) %, (15

B. Double-scattering approximation I .

_ _ . where s=k,;—Q+Q’'—3A. By analogy with Eq.(4), we
Let us consider the double-scattering amplitde such  jniroducea; andb;, wherei=1,2, for the first and second

as in Ref[20], corresponding to the diagram shown in Fig. ncleons:

1(b). (Calculations of double-spin-flip amplitudes were per-

formed recently[24].) In the same approximation as was -

used while calculating the single-scattering term, a12=2 (k1 2°S), byo=(0-byp), (16)

2 :4779 5 J d’q d°Q dQ’ whereb, =i[k; X 5], b,=i[§xk,], andS=$/|3|. The opera-
2 2 P] (213 (2m)3 (2m)3 tor A, then can be written as
X¢(q",Q") ¢(d,Q)G, Ay, (14 A 4 .1
a a 2 A== (5+1- Pagar+ = (a;b,+ah,) — = (6
9 9 9
where the WF in the momentum space operat6q,Q) is 1 R
defined by Eq(A2). The momentai, (3 (5’, andﬁ’ relate +3 t-7)biby— §(6+5 t-7)byby . 17)

to the momentg; andp; , shown in Fig. 1b), via q=(p,
—p3)/2, Q=(pp+p3—p1)/3, Q' =(py+ps—p;)/3, and The operatorh, depends explicitly on the spin and isospin
0 =q-3Q+1Q'+1A. In Eq. (14), G, is the Green's variables of the nuclei and the piof, also depends on the
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FIG. 3. Differential cross sections far=3H/3He elastic scattering foF .=180 MeV. The notation is the same as for Fig. 2.

vectors, which is an integrative variable on the right-hand T T

SA'de of Eq.(14). We extracts by introducing the operators (we will define this contribution via indexée” ) and double

Agjj: charge exchange
A,= > AjiSiS; - (19 A L
Thus, the operatof, can be expressed in the form ;‘ljvrfct\i’g::sdAen:;z Et)h!s contribution via indexct”) in the
2 2
ﬁZ:iEj t2, Azij 1ij, (19 A,=ASS+ASS B,=BSe+BSC. (22)

Then, we can present expressions AgrandB, in terms of

where the tensok;; is expressed in the form !
the integralsl, andJ,:

lij=Jd1kikj+ 265, (20 L A
cC__ 2 ee__ 2
such thatk= (k; +K,)/2 andk= «l||. Here, the quantities Az 9fp33[(3+52)J1+122J2]' B2 3fp33(‘]1+2‘]2)’
J, and J, are complex functions which depend on the mo-
mentum of the incoming piok; and the momentum transfer
A (or on the scattering angl@). They also depend on the
WFs of the nuclei, which are given in Appendix B. Using

Eq. (20) for the tensorg;; , the amplitudeF, becomes

2
P33

1 2
A§e=§f,%33[(23+ 17z)J,+28z3,], BS'=- 5f

X(23;+3J,) for 7w 3H, 7 3H,

A36=§f§,33[(29+ 272)3,+5223,], BS*=-— §f§,33

We divide the contributions té8, andB, into double elastic

scattering X(23,+53,) for 7 3H, 7" 3H. (23
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FIG. 4. Differential cross sections far=3H/3He elastic scattering foF .=220 MeV. The notation is the same as for Fig. 2.

The resulting double-scattering contributions to the 3=1 (S11,Sa1),

differential cross sections are shown by the dotted curves !

in Figs. 2-5. . .-
Sj=z—=i(o-n) (P11,P31),

C. Nonresonant contributions

Although, themN P-wave amplitude is dominant for the
multiple scattering of pions in the nuclear medium in the
energy range under consideration, the contribution of small 3
nonresonant waves still can play an important role ngar
~90° (the sharp minimum for single scatterjndhus, we

§=2z+i(o-n) (Py3,P39,

1 N
5(1_t'7) (S11,P11,P13),

limit ourselves to single scattering for nonresonant waves. In o1 ..
this limit, the 7N amplitude(2) becomes Tj:§(2+t'7) (S31,P31,P33), (25
f”'\':; STy @Y where n=[k,xk,]. We note that the procedure of taking

into account nonresonant waves in the single-scattering ap-
where proach is analogous to the resonant contribution taken into
account and discussed in Sec. Il A. The final expressions for
1 . the non-spin-flip and spin-flip nonresonant amplitudes are
f=cr—[e?0—1]
I 2ikem
- -~ . . . L Anon= F(A),
andS; andT; are the spin and isospin projection operators
for the statg of the wN system. Limiting ourselves t8 and
P waves, the nonresonantN 6;(k) phases can be taken
from a recent GWrN partial-wave analysif25]. Therefore,
we take into account tw& and fourP waves in our calcu-

lations. The projection operators are

2 7 2 7 4
§f311+§f331+ gfpll‘i‘ gfp?)l‘i‘ §fp13 z

1
Bnon:§(2fP13_fP31_2fP11)F(A)
for 7+ 3He and 7~ °H,
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FIG. 5. Differential cross sections far=3H/3He elastic scattering foF .=256 MeV. The notation is the same as for Fig. 2.

(9—(11) and(26), A, andB,, by Egs.(22) and(23). In terms
F(A), of the functionsA andB, the differential cross section in the
unpolarized case has the form

_ 4 5 4 5 8
Anon_ §f811+§f 1+ §fpll+§fp3l+ §fP13 z

Bron=—fp, F(A) for 7~ 3He and 7" °H. (26) do 1_ ... , it
dQ—ZTr{F F}=|A|*+|B|*sirF . (28
The nonresonant contribution for the total amplitusie F; ) . ] o
+E, [see Eq(27) below] is small and numerical values are _Th_e combined single- and double-scattering c_ontr|but|ons,
taken from the analysig5]. It is expressed by the substitu- W'th mterfere_nce _taken inio account, are depicted by the
tions solid curves in Figs. 2—5 It can be seen that the model
approach we use qualitatively agrees with the data. For for-
ward scatteringp~30°—60°, WF(7) reproduces the cross
A—A+Anon,  B—B+Bion. sections systematically better than 8. At larger scatter-
ing angles, the results for W) [WF (8)] lie below (above
The nonresonant amplitudes are taken into account in thghe experimental data, and the cross-section minimum is
calculations of the ratiogl) presented in Sec. V. shifted to a smaller angled(~80°), in agreement with the
experimental data. The key point to be made, however, is
that the gentle maximum a~110°-120° arises from the
) . interference between single and double scattering. It is also
The expression for the sum of the single- and doublesgqp that the moderation of the rise in the cross sections for
scattering amplitudes can be expressed in a form similar 3, 1\vard scattering reflects the contribution of double scat-
Eq. (21): tering, which is most pronounced ne@ 180°.
. ) . o~ We point out that the description of hadron-nuclear scat-
F=A+iB (o-[kiXka]), (27) tering in the backward hemisphere is a very complicated
multibody problem that requires detailed information about
where the function#\ and B represent the contributions of the wave function of the nucleus and the reaction mecha-
single and double scattering, e.A\=A;+A, and B=B; nism. For example, the five-component WF used in Ref]
+B,. The amplitudesA; and B, are determined by Egs. to describe thew"3He elastic cross sections af,

D. Total amplitude and differential cross section
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=200 MeV is superior to WK7). However, the goal of our ance for the different charge states of thgy(1232) was

study is the description and understanding of CSV effectsyised. In this approximation, the CSV effect proves to be
and these effects do not depend strongly on the details of thedependent of the scattering angle, with a value proportional
WF at small distances. For this reason, we prefer to use th® ém,/I'y. Nearly the same approach was used for the

simpler Sshell versions of the nuclear WK%) and (8). 3H/*He case in Refl7].
We denote the different charge states of thg via the
IV. CHARGE-SYMMETRY VIOLATION EFFECTS indexi=1-4 for theA ™", A™, A° andA~, respectively.

The massw; (i=1-4), corresponding to the isobaris
There are three principal sources of the violation ofcalculated according to a formula from REE7] [p. 109, Eq.
charge symmetry forr= scattering from light nuclei in the (4.18], following Ref.[27]:
A5 region:
(i) the Coulomb interaction between the charged pions w;=a—bl;+cl?, (30

and the nuclei—the external Coulomb effect, h i< the thi £ i for th
(i) the mass splitting of the different charge states of the/erel; is the third component of isospin for then term

Asisobar, and from the A5; multiplet. Using the average resonance mass
(iii) the difference between the WFs #f and 3He due to  value from the Particle Data Groy@8], w=1232 MeV, b
the additional Coulomb repulsion between the two protons ir= 1.38 MeV from Ref[17], and
the 3He nucleus—the internal Coulomb effect.
We now discuss how we take these effects into account in
our calculation of the elastic scattering of charged pions fronfrom Ref.[28], we get
the A=3 nuclei.

W3_W1: on— mA++=2.5 MeV

a=1231.8 MeV, c¢=0.13 MeV.

A. External Coulomb effect The scalar amplitude forrN scatterind see Eq(2)] for each

As was shown in Sec. II, experimental data for the ratioscharge state is defined as
(1) [7—10Q] were taken outside the Coulomb come; 30°. In
this angular range, the Coulomb amplitude is a smooth func- fp33—>fi= >k
tion of the scattering anglé. Here, we take into account the cm.
Coulomb interaction in a nonrelativistic approach, neglecting The phases; are defined relative to the resonance phase
the interaction between the photon and the magnetic mome
of the nucleus. Thus, the Coulomb amplitude of the pion-

[e*a(W—1]. (3D)

33’

nucleus interaction in terms of the Coulomb phase may be oW,
written as 8 =0p,,~ 2F_A3m25'°33’ (32)
A Z,Zp&" oMy where dw;=w; —w. The resonance phagg_ is taken from
¢ 212 inzg Ma+ o Ref.[25]. In Eqg. (32), we neglect the energy dependence of
cm3 2 the widthT", becausesw; /T"'y<1; in our calculations we
usel', =120 MeV. Using this definition of; for the =N
X exp scattering amplitudes in Eq31), we obtain the following
2iZ.7,6* wm, ol 9 N fuxg)ég?sions for the single pion-nucleus scattering ampli-
o o SN [Fo(F(), :

, 1 N
(29) A= (2f,+1f,)2zF(A), Bi=3f2F(A) for 7+ 3He,

wheree?=1/137,Z, andZ, are the charges of the pion and (33
the nucleus, respectively, is the pion c.m. energyn, is the
mass of the nucleu§,(5) is the form factor of the nucleus
defined by Eq.(A4), and FW(E) is the pion charge form
factor that is used in the standard parametrization of RefSubstitutingf,— f, andf,— f3, the amplitude#\; andB, at
[26]. In calculating the ratio&l), we use the amplitudac of ~ Eds.(33) and(34) are transformed to the amplitudes for the
Eq. (29) in combination with the non-spin-flip amplitude  isomirror reactions~*H and 7~ *He.

of the strong interaction of Eq27) by the substitutionA For the double-scattering pion-nucleus amplitudes, we ob-
—A+Ac. tain

A;=(f,+2f,)2zF(A), B;=f,F(A) for ="3H.
(34

1
B. Azy(1232-mass splitting AS=— §f§[(3+ 52)3,+1223,],

The influence of the\ ;3-mass splitting on the differential 4
cross section forrd elastic scattering was discussed in Ref. ee_ " 43 +3
[5], where the single-scattering approximation with allow- B2 =3fifa(J1t23p) for w7 Hem™"H (39
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instead of Eq.(23). The other amplitudes forr*3He and Hererg'? is the neutror(n) or proton(p) radius for the even

" 3H elastic scattering are different: (e) or odd (0) nucleons. As was shown in Refl5], the
superraticRat T =180 MeV is very sensitive té, andd, ;
ce 4 a reasonable description & versus scattering angle has
Az =3 T1fa[2(1+2)d,+425] been obtained fors,=—0.030+0.008 fm and 5,=0.035
+0.007 fm. These differences betweghandr? or between
+fi[(5+32)J;+423,] for =" °He, rh andr? due to isospin violation result in additional changes

in the charge radii and form factors 8H and 3He.
4 We vary the parameters of the WF8 and (8) to intro-
Age:§flfz[2(1+z)31+4z.]2] duce such differences. For W), we follow the recipe
suggested in Ref14]: we fix the slopeb for H at 1.65 fm
1, and vary the slope fofHe to obtain the best description of
+gfal(5+32)J,+4z5,]  for 73, the data for the ratios; andr,. An analogous procedure is
followed for WF (8), using parameters for the WF fdHe
) suggested in Ref22] (see Sec. ). Then, for the WF of*H,
cc_ _ “¢2 +3 we use three different variations of the W(B: a variation of
B2'=—gf2(2)113J,) for mHe, the slopea;, (ii) a variation of the slopex,, and (iii) a
variation of both slope&; anda,, which are proportional to
2 each othera;—ca; and ay,—Cay.
B5C= — §f§(2J1+ 5J,) for " 3H. (36) Although this variation of the parameters of W& and
(8) cannot be compared directly with the refined procedure
. used in Ref[15], this way of taking into account the internal
The amplitudesA, and B, of Egs. (35 and (36) are also  coulomb interaction allows us to take the,(1232)-mass
transformed to their isomirror reaction amplitudes, i-e-,splitting into account, which was not done in RéL5].
7' °*He—m°H and 7" °*H— = °He, by substitutingf;  Therefore, the quantities, and 5, obtained from the experi-

—f4 andf,—f3. We do not include any difference for the mental data can differ from the values obtained in RE%].
different charge states in the nonresonant amplitudles,

andBon-

V. COMPARISON WITH THE EXPERIMENTAL DATA
C. Internal Coulomb effect

The difference in the structure of the WFs 34 and *He A. Excluding the internal Coulomb effect
is related not only to the electromagnetic interaction, but also The results of our calculations for the ratiog, r,, and
to the part of the strong interaction which violates isospin. Inthe superraticR which take into account the external Cou-
the strong-interaction sector, there are terms that violate iso$emb interaction and thé ;;-mass splitting but exclude the
pin directly [2]. Isospin violation inside nuclei can relate to internal Coulomb effect are shown in Figs. 6—9, as the dotted
both nucleon and quark degrees of freedom. In terms ofurves for single scattering and the dashed curves for both
quark degrees of freedom, isospin violation relates to thgingle and double scattering. There are no free parameters
mass difference of the andd quarks. At present, there is no associated with these results. The main purpose of Figs. 6— 9
quantitatively good estimate of isospin violation due to the(as for Figs. 2— bis to show that the inclusion of double
strong interaction for thé =3 nuclei. scattering is essential to be able to follow the trend of the
If we assume that the strong interaction conserves isospimlata in the non-spin-flip-dip region. As is seen in these fig-
then the main reason for the difference in the structure of theres, there is qualitative agreement between the results of our
WFs of *H and ®He is the additional Coulomb repulsion calculations and the data fdr, =180, 220, and 256 MeV.
between the two protons iAHe, which is not present for Also, in contrast with the case for the differential cross sec-
3H. If there were no Coulomb interaction between these twdion (see Figs. 2— b there is little sensitivity to the WF here.
protons(i.e., if the WFs of®H and 3He were isotopically For T, =180 MeV, the ratior; is reproduced very well for
symmetrig, the neutron distribution fofHe (the “odd” neu-  both WFs(7) and(8), but the peaks neat=80° in the ratio
tron) would be the same as the proton distribution féte  r, and superratid are reproduced better by W). At the
(the “odd” proton), and the proton distribution fotHe (the  same time, the description of andR in the backward di-
“even” protons) would be the same as the neutron distribu-rection is not good for either WF. Figure 7 shows that even
tion for 3H (the “even” neutrong. However, the proton dis- taking into account single scattering and the external Cou-
tributions for ®H and 3He can still be different and, as a lomb interaction cannot reproduce the experimental data
consequence, so can the charge form factord-bénd 3He. there. But overall, Figs. 7— 9 show that taking into account
If, however, isospin is violated fotH and ®He, the even- the As;-mass splitting consistently with both the single- and
and odd-nucleon distributions can also be different. In Refdouble-scattering contributions reproduces the main struc-
[15], the difference between these distributions has been fotures of the angular distribution and to shows that we do not
mulated in terms of nonzero parametégsand 6,, where require a detailed knowledge of the nuclear WF.
— . We note here that the data far, and R for T,
0e=Te=Te, 0=y~ Tg. =142 MeV are not reproduced by our model approach. Ap-
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6 (deg) 6 (deg) 8 (deg) splitting and external Coulomb contributions are
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account both single and double scattering, and are
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parently, some other mechanism must play a role at this erbest-fit results obtained by variations of the radii of the nu-

ergy. We return to this problem below. clei and corresponding? values are listed as well.
In Fig. 11, we see that our calculations reproduce all the
B. Including the internal coulomb effect ratiosrq, r,, andR for T_=180 MeV rather well over the

. - entire angular range. In fact, we reproduce the superRtio
We now describe the CSV effects by taking into accoun o o L .
the internal Coulomb interaction as well. The procedure for o' 40°< §=110° much as did Gibbs and Gibsfirb]. Tak-

variation of the WFs is described above. For this case, wd'd |nto_ account the diierence in _the WFs 9ff and 3He_
vary a single free parameter to obtain the best fit. Again, wé€SUltS na much better reproduction both of the quarRity
fit r, andr, only, since the superratiB (=r,-r5) is not an at 6_~80 and the scattering at backw_ard ang_les. Thu_s, tak-
independent quantity. The best-fit results for this approaci'd into account the internal Coulomb interaction provides a
and for both WFg7) and (8) are shown in Figs. 10—13 by substantial improvement ig? compared with the case where
the solid curves. By comparison, the results without the inonly the external Coulomb interaction and tiezmass
ternal Coulomb interactioffrom Figs. 6— 9 are shown by splitting are included.

the dashed curves. Both free parametefsand a, have Finally, we consider the description of the data foy
been varied simultaneously, following our prescriptigin) =220 and 256 MeV to be qualitatively satisfactory, while the
of Sec. IV. The results of varying either; or «, indepen-  description of the data fof ,=142 MeV is not. Consider the
dently are very similar, as listed in Table I. In this table, thesituation forT =220 MeV, shown in Fig. 12. Our theoreti-

14 . . 14 . . 14 . .
12 1 12} 1 12} gi : }
gt "t | g L
- 1o _zlﬁlx,i/ﬂ“} ~ 10 1718 Sk v 10 ¥/ b E
o ORIy o LO T ‘\I*\ . =
0.8 1 0B 1 0B 1
(a)
0.6 : ' 0.6 : ' 0.6 . '
% 8 (deso 10 %0 8 (deso 10 %0 8 (deso 160 FIG. 7. The ratiosr; andr, and the super-
ratio R for T,=180 MeV. The notation is the
14 ' ' 14 ' ' 14 J‘ ' same as for Fig. 6.
12} 1 12} 1 12} ; : }
dt] iy ! i L
710 “2};%5{’1&/ """ £ 10 §I f%“ @ 10 I/L e
0.8 {1 o0B¢f ] 08 [ 1
(b) 180 MeV
0.6 . ' 0.6 . ' 0.6 . '
30 80 130 180 30 80 130 180 30 80 130 180
0 (deg) 0 (deg) 0 (deg)
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cal curves reproduce the sharp dip-bump angular dependenbé&’'s and A*’s. We think that this method would be prefer-
of the ratiosr, and R remarkably well. AtT_=256 MeV, able to the traditionalrN partial-wave analysis for baryon
shown in Fig. 13, we predict a more gradual dip-bump an-spectroscopy.
gular dependence, which also agrees with the experimental

data. At the same time, our theoretical curves do not repro-

duce the data foil ,=142 MeV, shown in Fig. 10, even ) )
though the angular dependence is much smoother. We note, In our theoretical approach to single and double scatter-
however, that the amount of experimental dataTge=220 N9, we neglect the Fermi motion of the nucleons inside the
and 256 MeV is significantly less than fdr,=142 and es- nucleus. The amplitude of theN scattering is extracted
pecially for 180 MeV. Evaluation of th& =142 MeV data from an integral over |nC|de_znt pion energies th_at are on shell.
may require an additional mechanism to reproduce the belVe also neglect the recoil of the nucleons in the Green's

B. Accuracy of calculations

havior of the data. function G, of Eq. (14) for the double-scattering amplitude.
We call this approach the “fixed-centers approximation.”
V1. ADDITIONAL REMARKS Then, ‘we observe that Wh_en only certain corrections are
taken into account, we obtain worse agreement with the ex-
A. Ajrmass splitting and total cross sections perimental datdsee Ref[20] for details.

We have seen that one of the principal sources of CSV is Since the fixed-centers approximation gi\(es results that
the A 5-mass splitting. The difference in the total d cross are close to the data, there must be cancellations of the main

sections is determined by thie;;mass spliting17]. Here corrections to leading order. These cancellations for hadron-
we calculate this effect for the ratiog; andr,; for the total deuteron scattering have been (_jiscu:'ssed in d_etail in. pfe"ious
cross sections of*3H/3He scattering, defined as work. The cancellation of nonadiabatic corrections within the

Glauber approach for differential cross sections at high ener-

oo 7+ 3H) oo 7 73H) gies was shown in Re1[29]. In the =d scattering-_length
M=o 3 (2™ e 3 calculations, the cancellation of off-shell and recoil correc-
o (7 °He) o (7" °He) tions was discussed in RdB0]. The cancellation of nona-

diabatic corrections forrd elastic scattering was found in
We predict a considerably larger CSV effect for the three-the range of the\z; resonance in Ref31]. Apparently, the
nucleon system than for the deuteron, as shown in Fig. 14nalogous cancellation of corrections holds as well for the
Moreover, the crossover of; andr,; at the peak of tha ;5, A=3 nuclei. Therefore, the use of only a few of the correc-
for either of the WFs used, establishes a unique signature fdions to the fixed-centers approximation can result in worse
this effect. agreement with the data than when all the corrections are
The high sensitivity of CSV to theN*-mass splitting ignored. Inclusion of all the correctiori@ncluding the so-
(within multiplets allows us to suggest the use of these ra-called binding correctionss a rather complicated task and is
tios as a method to determine the mass splitting in heavyot a goal of our present study.
For example, we limit ourselves to the consideration of
single- and double-scattering terms, and this approach allows
%In the most advanced studlg5], the authors considered only the US to take into account the leading terms of the amplitude of
case forT,=180 MeV. On the other hand, the calculation of Ref. the pion-nuclear interaction at energies and scattering angles
[14] does not reproduce the CSV effect for 142 MeV either. where we can qualitatively reproduce the shape of the distri-
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bution of the differential cross sections. Triple-scatteringthe A5 resonance. Preliminary analysis of the charge asym-
contributions to the differential cross sections can smooth thenetry for T,,=180 MeV shows a statistically significant ef-
angular shape, but they are more difficult to calculate andect in A_, of the order of 10% at scattering anglés
cannot be simplified by the transformation of the integdals ~70°-90°[35]. The size ofA, for T,<180 MeV and the

andJ, discussed in Appendix B. possible influence of absorption there are still unknown.
Because of the larger role played by pion absorption on
C. Pion absorption heavier nuclei, CSV is expected to be suppressed relative to

At small scattering anglesi~30°—60°, there is reason- the three- and four-body nuclei. If present, CSV in heavier

able agreement between our theoretical approach and the eXdCléi probably depends more on their geometrical proper-
perimental data foff =180 MeV and above, but fof,  fies than on the\s;ymass splitting.

=142 MeV the experimental cross sections are smaller than

the results of our model calculations for both WFs used VIl. SUMMARY

(Figs. 2—5. But because for modest scattering angles the
range of momentum transfer is smap£& 150 MeV/c), our

- : i\ +311/3
use of the simple WF&) and(8) is reasonable. We therefore '2i0ST1 andr, a_nd the superrati® for elastic m="H/"He
infer that the suppression of the cross section Toy  Scattering, forf =142, 180, 220, and 256 MeV and over a

=142 MeV results from absorption, which is absent in ourProad angular range. We have found reasonable agreement
model approach for the amplitude of theA interaction. between the results of our calculations and the experimental
Usually, the absorption on a nucleus is due to the reactiof@t@ shown in Fig. 1 of the associated paper by Briscoe
7(NN)—NN, where (NN) is a pair of correlated nucleons. ©t@l-[10], over most of the range of the data.

But the total cross section of thed— NN reaction has its Our calculations were done with an approach utilizing the
maximum aff .= 140 MeV, and the absorption cross sectionSum of the single- and double-.scattermgd contributions,

is somewhat Wsuppressed BL=180 MeV [32]. However as indicated in Fig. 1. We took into account three sources of
T.=180 MeV corresponds to the maximum of the total CSV—the_A33-mqss splitting and the externaal and3interna|
7-d cross section, as shown in Fig. 15. The pion absorptiofpOUlomb interactions. We us&shell WFs for°H and “He.
cross section foHe, measured at P$83], also peaks at This approach enabled us to use S'.mpl.e analyt'lcal EeXpres-
T =140-150 MeV ’as shown in Fig. 15 as well. Therefore sions for the double-scattering contribution to pion-nuclear

; ; ; ; ttering, taking into account all spin and isospin ampli-
if absorption were responsible for the suppression of thea . . ..
scattering cross sections at small scattering anglesT for tudes. We used two different radial WFs for the- 3 nuclei:

=142 MeV, then this effect would be considerably smaller (i) A simple Gaussian distributiofeg. (7)] with the slope

_ - - describing the charge densities %1 and 3He obtained from
for T,=180 MeV, where our fit to the data is much better. electron scatterinf21.36—38. We used the WF of Ref14].

(i) A sum of two Gaussian WH£GQ. (8)], as used in Ref.
[22] for the description of the differential cross sections of
Data for the elastier*He differential cross sections have the reaction*He(p,d)®He. This WF reproduces the mini-

been obtained at LAMPF fdF,, below, at, and above the;;  mum of the ®He charge form factor a=670 MeV/c, but
resonancg34]. The spin-flip amplitudes for elastie“*He  is larger than the experimental data at smaller momentum
in the single-scattering approximation do not contribute totransfer.

We have performed theoretical calculations for the simple

D. CSV in w**He elastic scattering
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The calculated cross sections, shown in Figs. 2-5, agrefect is included as well, there is reasonable agreement be-
qualitatively with the experimental data. FofT,  tween our theoretical calculations and the experimental data.
=180 MeV, the theoretical curves have minima @t The best agreement is found for.= 180 MeV (at the peak
~140°-150° and reproduce the gradual growth of the crosef the A3; resonance Both the Azymass splitting and the
sections a® approaches 180°, indicating the importance ofinternal Coulomb interaction are important for the reproduc-
the inclusion of double scattering for the differential crosstion of the shape of the angular distribution, both near the
sections. Of course, the absolute cross sections are very semn-spin-flip dip atd~80° and at large scattering angles.
sitive to the WF, and are not reproduced well by the simpleAlthough the influence of the internal Coulomb interaction
Sshell approach used here. on CSV has been shown befdfb], our investigation shows

The main goal of our study is the calculation of the CSVthat including theA ;3-mass splitting results in a still better
effects for=3H/®He differential cross sections in terms of description of the effect of CSV, as it should: thg;-mass
the observables,, r,, andR. No free parameters are used in splitting exists, so its effects should not be ignored. We also
our approach when taking into account thg;rmass split-  predict the simple mirror ratios for the total cross sections, as
ting and the external Coulomb interaction. Figures 7—9 shovghown in Fig. 14.
that these factors alone account qualitatively for major fea- Finally, however, as seen from Figs. 6 and 10, our calcu-
tures of the data. These figures also show that there is littlations do not reproduce the data for.=142 MeV. Al-
sensitivity to the choice of the wave function. though we tried to take into account a number of different

Figures 11-13 show that when the internal Coulomb efapproaches beyond the framework of our madebre accu-
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T,.=142 MeV. Therefore, the question of the nature of the

effect of CSV for T,=142 MeV remains open. Perhaps

there is an additional mechanism &t=142 MeV which APPENDIX A: THE CHARGE FORM FACTOR F(A)
does not manifest itself at higher energies; Fig. 15 shows that . . . -
quite possibly, pion absorption plays a major role. Let us introduce relative coordinates of the nuclepps
—f and Rj=3(F;+F)—T, instead off;. In terms of
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TABLE |. Best-fit results for the ratios; andr, from variation of the*H and 3He WFs. The slop® has
been varied for the WK7) (Ref. [14]). Cases(i)—(iii) of variations of the WHS8) (Ref. [22]) have been
discussed in the text. Differences in the mean-square chargesragii(*He)—r (*H) andy?/df are listed in
columns 5 and 6. The last column show&df when the internal Coulomb interaction is not taken into

account.
T.. (MeV) WF (Refs) Varied parameter &r (fm) x2ldf X2ldf (6r=0)
[14] b 0.015 3.90 4.87
142 a, @) 0.017 4.15
[22] @, (i) 0.010 4.44 5.06
a; and a, (iii) 0.014 4.26
[14] b 0.012 1.68 2.88
180 ay (i) 0.017 1.60
[22] ay (i) 0.014 1.65 3.05
a, and a, (iii) 0.016 1.61
[14] b 0.019 8.46 10.5
220 a, (i) 0.016 5.37
[22] @, (i) 0.011 5.37 6.74
a; and a, (iii) 0.014 5.36
[14] b -0.010 2.26 2.43
256 ay (i) —0.006 2.29
[22] ay (i) 0 2.37 2.37
@, anda, iy ~ —0003  2.35
d35 AR5 R exp( —ig-F—i0-R) - 5 m Dm q*_3Q’
P a ’ e(A.Q=N|—=|X —Fexg ———— |, (A3
whereG=G,= (B~ B)/2 andQ= Q= (p; + B~ 2)/3 are  Where
relative momenta andp{, p;, px) are the momenta of the
nucleons of the nucleus. For the WB), ¢(q,Q) has the =—(7-r\/_2 3y T
form m.n (am+an)
1.1 : T T The charge form factor for elastic scattering is defined by
T~ ] (=3[ 1 (*é 2) (4.0),
o - =5 | T3 53 4.Q- 34 e(q,
S 1.0 < 2) (2m)® (2m)® 3
; P
- F(0)=1 (A4)
0.9 (a) , , 300 [
100 150 200 250 300 I : o(m"*He-ppp) (x10) » ]
(MeV) | /—\i
11 : : : 200 |
3 I
—- £
2 \/// ® 100 . /
£ 10 -
& - ~
e I a(m*d-pp) (x20) ~~_, N
0 L L L L 1 L L 1 L L 1 L L L L
(b) 0 100 200 300 400
0.9 ' : : T (MeV)
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FIG. 14. Predictions for the ratias; (solid), andr,, (dashed

FIG. 15. Total* cross sections. Plotted are cross sections for
7*d (solid) and 7" d— pp (multiplied by a factor of 2D (dashed

for the total w=3H/°He cross sections. Calculations were done forfrom a recent combined fit of thep and «rd elastic scattering with

single and double scattering with tie;-mass splitting. The Cou-

the 7 d— pp data[32]. The wHe absorption datémultiplied by a

lomb interactions are not taken into account. Plotted are the resulfactor of 10 are from[33] (filled circles; it can be seen that they

for (a) WF (7) and(b) WF (8).

peak neafT ,=140 MeV.
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An analytical expression for the form factgA4) corre-
sponding to the WHB) is

. D, D A?
F(A)=N;? Lexp[——,
(B)=No* 2 3o~ Samt an)

(A5)
where
D.D
No=2, ——— (A6)

mn (amt an)3 .

APPENDIX B:
THE TENSOR I;; AND THE FUNCTIONS J; AND J,

The expression for the tensdy in terms of the wave
function ¢(q,Q) (A2) is

|ij:47Tf

% o(1,0")¢(§,0) 5
PRI T2 o

d3d dS(j d3©,
(2m)® (2m)® (2m)°

(B1)

This integral is suitable for calculations in coordinate space.

To do this, we follow a transformation first used in R

SiS; 1

mz yp explis-r)H;;(r)dr,

(B2

where
Hij(F):hl(r)FiFﬁhz(r)5ij
and
eikr 3ieikr 3eikr 3
hl(r):T+ kr2 K23 k%rd

PHYSICAL REVIEW C66, 054007 (2002

eikr 1 ieikr
hy(r)= - - .
2(r) k2r3 K2r3  kr?

Then, using Eq(B2) and the coordinate expression for the
wave function(Al), we get the expression for the tensgr.

A-p

'3
(83)

T+

2 3243712/ D s e 5
Iij:§ d pd I (p,R)Hij(r)eX | kl_g

whereR=r+1p. If the WF #/(p,R) is expressed as a sum of
several Gaussians, the integ{@B) can be represented in the
form of expression20). Then the integrald; and J, are
transformed into one-dimensional integrals. For the &)
they have the form

AZ

J —ZNZZ D,.D 3| ™ F )
1,2_9 oy m“n amn ex 12amn 1,2(amnr )r

where

=, [ar?
Fl(a,0)=7rfo r ex;{T)(3E2—E0)h1(r)dr,

° ar?
Fz(a,a)sz rlexpg ——
0 4

X[(Eo—E2)hy(r)+2Eghy(r)]dr,

(B4)

1
E,= f expiérz)z"dz,
1

é=kcosO/l2, A=2ksinA/2, andN is given by Eq.(A3). In
the case of WK7), the expressions for the integralg, are
computed easily from EqB4).
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