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Results of recoil-corrected continuum shell model calculations are presentéHidor, ' p)°H. The ex-
tremely large values of(w", 7" p)/o(w~, 7 'p) are shown to be a result of neutron excitations which
couple to outgoing proton channels. The large ratio will occur in regions where neutron excitations increase
rapidly in a particular channel and, therefore, may be a signal for giant resonf®8856-28187)05011-3

PACS numbes): 25.80.Hp, 14.20.Gk, 24.30.Cz, 27.3h

[. INTRODUCTION [8]. The calculations demonstrated the importance of em-
ploying a realistic model and, in fact, the same model, for
Although often considered a simple nuclear system withboth the initial and continuum states. A realishdN effec-
excited states?He has exhibited unexpected behavior. Fortive interaction, translational invariance, antisymmetry, and
instance, some measurementsodgfy,n)/o(y,p) cross sec- coupled spin and charge exchange channels place the
tion ratios with both real and virtual photons showed signifi-RCCSM at the same level of phenomenology as bound-state
cant discrepancies with theoretical predictigss Only the  shell model calculations. Distortion of the outgoing nucleon
addition of large isospin symmetry-breaking components taloes not require the ambiguity of an optical model, but re-
the NN interaction could reproduce(y,n)/o(y,p) ratios  sults from the sam&IN interaction that generates the bound
different than unity{2]. states. Tests of the appropriateness of the Michigan-three-
Efforts to investigate isospin-violating processes*ite  Yukawa (M3Y) interaction [9] included 3H(p,n)*He,
have uncovered another unexpected result. Exclusive meaH(p,p)®H, and 3He(n,n)3He cross section, analyzing
surements of 4,7'p) have vyielded ¢, 7" p)/ power, and polarization calculations, which agreed ex-
(7w~ ,7~'p) cross section ratios ranging from 0.2 to[3)4].  tremely well with data up td&y=70 MeV [2,10].
In a quasifree model of pion scattering in thg; resonance
region, exclusive fr,7’'p) cross sections should yield a II. THEORY
(7", 7" 'p)/(7, 7 'p) ratio of approximately 9. Indeed, _ _ _
quasifree codeg5] with distortion effects produce little The RCCSM wave functions are expanded in harmonic
variation from this ratio of 43]. oscillator basis functions of the form
A similar ratio of 40 was observed itfO at 6,,=35° for 3-M
T, =240 MeV[6]. In Ref.[6] calculations for'®0 were per- B i (€)= (1= P3s)/vV2
formed in theA-hole formalism with rescattering. Within the ) " ; J
flexibility of the model, this large ratio could not be ex- x|0s"*(£,)0¢? /3(52))(3 ﬁ'J/4(§3)T3>MBB’
plained, and the authors concluded that another mechanism @)
must be producing the effect. Some improvements to the
qua_sifree cglculations fotHe were obtained in Ref4] by wherexi’z is the 3H or 3He spin wave function. The oscil-
adding a triton knockout amplitude to the proton knockoutiyior constant is taken to be=0.36 frm 2 to reproduce the

amplitude, charge radius ofH. Only single-scattering events are con-
, sidered, and so one is interested in one-body matrix elements
Tfi~¢(kt)pr(kwi_kt!kﬂ"kp) of the form
+d(Kp)f ae(Ky, —Kp K7 Ky). (o

’
JB

¢a,n,l,j,<§>>, )

<¢’i?nj(§)HZ o(r{ ,o7)
Allowing the two amplitude to beat against each other, the !

authors could improve the agreement with measured small . . .
ratios at large protoRH center-of-mass angles. This im- wherer/ is the position vector of particle measured from

proved agreement was then assumed to be evidence for &pe four-particle center of mass as shown in Fig. 1. The cross

: , . ; Lo
rect triton knockout. However, the large ratios at smallerze?t'pn for_(”'” P) W'th rt]he tr(;%%n and protc])cn emerging in
proton3H center-of-mass angles were unexplained. efinite spin states in the pioide center-of-mass system

In this paper the results ofHe(w, 7' p)3H calculations (ACM) is given by

with the recoil-corrected continuum shell mod&CCSM 4 KD o o

[7] are presented. The RCCSM has recently been appliedto 7 2.4 K P @p»@pwk T..12 4
4 , . . . dQ.,dQ ..d ( 7T) Kk | fl| ’ ( )
He(e,e’N) and compared with virtually all available data kA€ dwy: R(wy+ wp)
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FIG. 1. RCCSM coordinates.

where

¢5:’<r>¢a<§>>,
(5)

andR is the recoil factof 1+ w‘;/wA-i- wpk' - p'/(p'?wp)].
This process is illustrated in Fig.(& with the coordinate
system shown in Fig. (®).

The 7N t matrix for a particular isospin channel and in
the 7N center-of-mass systef@c.m) can be written as

Tfi=<w;‘>(r>¢;;2nA<s>‘2i Pee(mi)

te=U1(E) + Uy(Eo)kZcodh + v(E) 2K3sind(i o ),
(6)

where A=k x k./kZ. The center-of-mass energy and mo-
mentum,E. andk;, are determined in a frozen nucleon ap-

proximation. The termk.cosd, is approximated byk?
—qg?/2, and the term RﬁsinaC (in- o) is approximated by
(k/k)(—iq) X (k+k')-o. The factory in Eg. (5) is the
usual factor to transforrt, from the 2 c.m. to the ACM. The
momentum transfeq is taken to bep—p’ and operates on
the nuclear coordinates, while and k’ operate on the in-

k,w, ko
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FIG. 2. (a) A schematic of the reaction with andk’ represent-
ing the incoming and outgoing piop, the outgoing protonB the
index for *He, andA the index for®H. (b) The coordinate system
employed.
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coming and outgoing pion coordinates. With these approxi-
mations, the 4, 7'p) cross section may be calculated with
the same form factors as the,€’p) cross sections in Ref.
[10].

The p-3H wave function with outgoing flux; with final
conditionsf ={aJ M sm} takes the fornj10]

i =2m) M Amlpn 2 ()Y, (P

X(—i/2)CiA e yrleMel™)

mmgm~M,mMg * ¢

)

where the sum is ovdm,;jmJz;Mg and

- -1,,98(7) Py
e =2 (0] 340 Je ). (8)
Cc

Js(-)

The radial functioruc,

(r) has the asymptotic form

Jg(-) Jg(+)*
U(;l/3 (r):UCl/3 _>(Vc/Vc’)1/2(Oc’5c’c_IC’S:C’)'

(€)

The indexc stands foraJ,lj with J, andj coupled toJg,
whereJ, is the angular momentum of a possible core siate,
andj are the nucleon orbital angular momentum and total
angular momentum, respectively; is the nucleon momen-
tum in the nucleon-nucleus center-of-mass frame, @anep-
resents other quantum number necessary to distinguish core
states.

The channel statgaJalj (Jg)) are linear combinations of
the basis states in Eq2). A matrix element of a single-
particle operator has four matrix elements for each of the
four operator€,, O,, O3, andO,, (D|0O;|D), (E|O;|D),
(D|Oj|E), and(E|O;|E), where|D) and |E) represent the
direct and exchange parts of the basis states. When a proton
takes the position of particle number 4 in both initial and
final states, the termD|0,4|D)+(E|O3|E) may be associ-
ated with a quasifree calculation in that they look like a
proton making a transition between single-particle orbits.
The other direct terms and the exchange terms are large, and
one can see their effect by comparing thée(e,e’) calcu-
lations of Ref[11], which omitted them and bear no relation
to the data, and the calculations of Rf0] which included
them and agree with the data. The triton knockout amplitude
of Eq. (1) was calculated as one would for elastic scattering
from a triton and then the recoil of the triton represented by
a distorted wave for the relative-H motion. It is more
difficult to identify terms with this amplitude. It is easier to
identify terms which would be missing from the triton
knockout amplitude, and these are the exchange terms and
channel coupling terms, both of which are large.

The channel wave functions exhibit coupling through the
indexc’, which runs over all channels allowed to connect to
the channet, including the charge exchange channels. The
charge exchange strength is determined by the effebtidMe
interaction. This means that neutron excitations contribute to
proton knockout. Neutron excitations also contribute to pro-
ton knockout through the neutrons in the recoilitid, as in
the triton knockout model, in terms such §D(+(E|)|O,
+0,(|D)+[E)).
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FIG. 3. Inclusive excitation functions. The thick lines are the
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FIG. 5. Exclusive excitations functions, averaged over labora-

lab_ 1 ao lab_ ano gm0 Ao 7mo
calculations for*He(w*, ') the thin lines are for He~,=—').  tOry proton angles of;=180° andf;"=30°, 45°, 60°, 75°, and

The histograms represent the data of RES$.and[12]. 90°. The thin lines are the calculations flide(w ", 7" 'p)°H; the
thick lines are for*He(7~,7 ' p)®H. The histograms represent the

lll. RESULTS

data of Ref[12].

The inclusive calculations at2’=30°, 40°, 60°, and 80° tials, which compare equally well with elastic data, can give
are shown in Fig. 3 along with the data of Rdf3] and[12]. inelastic cross sections which differ by factors of 2. The
The 30° excitation function was calculated previously in Ref.cross sections in Fig. 3 were calculated with the elastic pa-
[12] by including only the{D|O4/D)+(E|O5|E) terms and rameters \=1, by=(—0.067,0.031), c,=(0.105,0.168),
employing a pion distorting potential calculated with the en-By=(0.,0.074), andCy,=(1.829,0), in the notation of

ergy shift method of Ref.13]. As pointed out in Ref.3], the
energy shift method gives a rather poor elastic cross section
when compared with the measured elastic cross section. Alsc
pointed out in Refs[3] and[4] is that different pion poten-
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FIG. 6. Top panels are cross sections integrated over 21.5

<E,<25.0 MeV. Open(solid) circles arer* (7~) data of Ref.
[3]; solid (dashedllines are calculations for™ (7). Bottom pan-
els are the ratio ofr* to #~. Squares are data of R¢B]; thick

Bucu (deg) solid lines are complete RCCSM calculations; dashed lines omit
neutron form factors; dotted lines omit channels corresponding to
FIG. 4. Calculated elastic cross section and the data of{ Ref. n+23He from the wave function.
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FIG. 7. Top panels are cross sections integrated over®25< 30 MeV. Open(solid) circles arer* (7~) data of Ref[3]; solid (dashed
lines are calculations forr™ (77). Bottom panels are the ratio ef" to 7. Squares are data of R¢8]; thick solid lines are complete
RCCSM calculations; dashed lines omit neutron form factors; dotted lines omit channels correspomdh”?g-lmfrom the wave function.

Stricker, McManus, and Cafd4]. The parameters are a re- glslb: 30°, 45°, 60°, 75°, and 90°. The calculated 30° excita-
sult of a ten-parameter fit to elastic scatteringmof from  tion function shows a weakness in the resonance region that
“He with T, ranging from 50 to 180 MeV, and the resulting one would not expect from the inclusive results in Fig. 3.
elastic cross section is shown in Fig. 4 along with the data offhis may be due to a normalization difference between the
Ref.[15]. Many sets of parameters produceg®@as good as inclusive measurements of R€L2] at 30° and those of Ref.
those employed here, and the pion-distorting potential ref3] at 40°, 60°, and 80°, or it may be that the experimental
mains an ambiguous element of all calculations in this papefproton spectrum is more sharply peaked in plane than the
A characteristic of the potentials attempted is that if a reacalculated spectrum. The calculated spectrum becomes more
sonable fit is obtained for the 30° data in Fig. 3, the 80° crosin plane with increasing excitation energy and, hence, the
sections are small, as in the figure. rising behavior of the calculated exclusive excitation func-
Plotted in Fig. 5 are the exclusiver(w'p) excitation tions.
functions. The cross sections are laboratory cross sections Angular distributions for the outgoing proton are shown
averaged over laboratory proton angles&ﬁ‘bz 180° and in the upper panels of Figs. 6—9 as a function of the proton
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FIG. 8. Top panels are cross sections integrated over38<40 MeV. Open(solid) circles arer™ (7 ~) data of Ref[3]; solid (dashedl
lines are calculations forr™ (7~). Bottom panels are the ratio ef* to =~. Squares are data of R¢8]; thick solid lines are complete
RCCSM calculations; dashed lines omit neutron form factors; dotted lines omit channels correspomﬂirf’g-lmfrom the wave function;
thin lines omitJg=2" channels.
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FIG. 9. Top panels are cross sections integrated over8<45 MeV. Open(solid) circles arer* (7~) data of Ref[3]; solid (dashed
lines are calculations forr™ (7~). Bottom panels are the ratio ef* to #~. Squares are data of R¢8]; thick solid lines are complete
RCCSM calculations; dashed lines omit neutron form factors; dotted lines omit channels correspomdh”?g-lmfrom the wave function.

ang|e Hz'm* measured in the center of mass of the four-lines in the bottom paHE|S of FlgS 6—9. These lines do a
nucleon system. Angles are measured from the velocity vedeasonable job of reproducing the small ratios at large
tor of the four-nucleon system with the positive direction@ngles, but not the large ratios at small angles, as did the
counterclockwise. The experimental cross sections ar#iton knockout model. In the context of the RCCSM, one
Shown as open Circ|es fm+ and the So|id Circ'es forr . W0u|d not Ca.” th|S eV|dence fOI‘ dll‘eCt triton knockout, but

The calculated cross sections atér/dQ,,dQ,  which the effect of recoil terms. These are the same recoil terms
are believed to correspond to the experimental cross section‘é’.hICh give (+ e_/2,— €/2) for the (proton, neutronE1 effec- .
The solid lines in the upper panels correspongrtoand the tive charge.+ It IS, thgn, the' charge exchange channels which
dashed lines ter . As in the excitation function calculations bhOOSthtPe? [m [atrl]tht_to high vatlues. TZeﬂ?rocte;]ss ma¥ be
of Fig. 5, the low excitation energy cross sections are to ought of as ar  hiting a neutron an en the neutron
small. The squares in the lower panels are the ratias ofo Initiating possible collision sequences that result in knocking
7~ . The most drastic deviations from the quasifree value o ut a proton. The possibility of charge exchange producing

. R : )
9 appear in Fig. 8 afl, =30° where the cross sections were he "'?“%‘?;; }0 77 raltlos V\r/]as mgngoneddln R.?M].. .
integrated over the 30E,<40 MeV region and continue in Itis difficult to analyze the ratio beyond verification of its
Fig. 9 where the cross sections were integrated over the 40
<E,<45 MeV region. The thick solid lines in the bottom
panels are the calculated® to =~ ratios, and they do a i
good job of reproducing the experimental values. These cal- r E,=35.83 Mev
culated ratios are not sensitive to the pion-distorting poten- 0.005 —
tials as were the cross sections.

The dashed lines are the RCCSM calculations with the
neutron form factors set to zero, i.e., no charge exchange
coupling terms and no contribution from neutrons 3H.
These values are near the quasifree value of 9. Setting the
neutron form factors to zero affects the" cross sections
only modestly, but produces a large effect on the cross
sections. This is, of course, because then elementary
amplitude is 3 times ther™ p in the A ;3 resonance region.

The form factors may be broken down in a different man- J
ner by eliminating from the final proton wave functions all L (e
channels that correspond to a neutron coupledHe. Then [
the only neutrons that contribute to the proton knockout am- 0000 Lol LSS
plitude are those that remain i*H. This is equivalent to 0 ! ® 3 4 5

0.0osilwlvlwll||\\|\|I\|\|\|

0.004
Ex=29.83 MeV

0.003 |—

0002 — {

Form Factor (MeV '/2tm~1/?)

eliminating charge exchange coupling from the wave func- q (fm™)
tions, but not from the Hamiltonian that produced the wave
functions. FIG. 10. Solid lines are proton form factors; dashed lines are

The resulting calculated ratios are shown as the dottedeutron form factors times a factor of 3.
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charge exchange origin. All channels withess than 4 con- tional points can be made. First, agreement with the experi-
tribute to some extent. However, the extremely large value imental«* /7~ ratio was obtained with RCCSM wave func-
the 30<E,<40 MeV region occurs primarily with the addi- tions that also reproducéH(p,n)3He, 3H(p,p)3H, and

tion of the Jg=2" channels. This is demonstrated in the 3He(n,n)3He cross section, analyzing power, and polariza-
bottom panel of Flg 8 with the thin solid line which omits tion data and most of théHe(e,e’X) data. It was not nec-
the Jg=2" channels. The magnitudes of tig=2", =2,  essary to invoke any other mechanism other than single scat-
and j=3/2 neutron and proton form  factors, tering with a simplenN t matrix. Therefore, one model is
<¢i3||2ij2(qri’)Y2(Fi’)||z,bg_S}, for E,=25, 30, and 36 MeV able to provide a connection among many data sets over a
are plotted in Fig. 10. Here one can see the rapid increase {arge range of continuum nucleon energy. Second, the
the neutron form factors at the,=30 MeV region. It may «*/7~ ratio becomes large in regions of increasing neutron
be that largew /7~ ratios are a signal of regions of in- €xcitations and may be a signal for giant resonance excita-
creased neutron excitations in a particular channel and, thergon. Third, measurement of the™/#~ ratio has provided
fore, a signal for giant resonances. In fact, the region of largéighter restrictions on the charge exchange coupling in the
a7~ ratios in %0 is nearE,=30 MeV where theE2  continuum wave functions than electron scattering data,

strength has been observe i#D(y,ny)*°0 [16]. where the neutron couples to the probe only through the
anomalous magnetic moment. The charge exchange channel
IV. CONCLUSION was introduced into the calculations of REf7] via a Lane

model in order to improve agreement withle(e,e’ p) data,

. T_he primary conclusion of this ar_tlcle Is that neutron &X and yet provided a larger contribution than the RCCSM pre-
citations which couple to the outgoing proton channels are

: + -, dicted. Thew " /= ratios provide an opportunity to test the
responsible for the extremely larger{, =" 'p)/(w 7" 'p) wave functions employed in this and other calculations
ratio in the 36<E,<<45 MeV region. However, three addi- ploy '

[1] J. R. Calarco, B. L. Berman, and T. W. Donnelly, Phys. Rev. C Nucl. Phys.A284, 399 (1977, the interaction described on p.

27, 1866(1983. 412.
[2] D. Halderson and R. J. Philpott, Phys. Rev2& 1000(1983. [10] D. Halderson, J. Phys. @0, 1461(1994).
[3] M. K. Joneset al, Phys. Rev. C16, 52 (1992. [11] Hottaet al, Phys. Rev. C38, 1547(1988.
[4] J. Langenbrunner, M. K. Jones, D. Dehnhard, C. L. Morris,[12] C. L. Blilie et al, Phys. Rev. Lett57, 543(1986.

and W. R. Gibbs, Phys. Rev. Le@9, 1508(1992. [13] W. B. Cottingame and D. B. Holtkamp, Phys. Rev. Lét,
[5] L. Rees, N. S. Chant, and P. G. Roos, Phys. Re26C1580 1826(1980.

(1982. [14] K. Stricker, H. McManus, and J. A. Carr, Phys. Revi€; 929
[6] T. Takaki and M. Thies, Phys. Rev. &8, 2230(1988. (1979.
[7] D. Halderson and R. J. Philpott, Nucl. PhyAa321, 295 [15] B. Brinkmaller et al, Phys. Rev. (44, 2031(199J).

(1979. [16] T. W. Phillips and R. G. Johnson, Phys. Rev.20, 929
[8] D. Halderson, Phys. Rev. B3, 2978(1996. (1979.

[9] G. Bertsch, J. Borysowiez, H. McManus, and W. G. Love, [17] J. F. J. van den Branet al,, Nucl. Phys.A534, 637 (1991.



