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Nucleon-deuteron scattering withA-isobar excitation: Perturbation theory
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A perturbative approach for the description of elastic and inelastic nucleon-deuteron scattering is developed.
Its validity is discussed. The aim of the perturbative approach is the isolation of details of different reaction
mechanisms. The dynamics is based on a two-baryon potential allowing for the excitation of a nucléon to a
isobar. The coupled-channel potential yields an effective three-nucleon force in three-nucleon scattering. The
purely nucleonic reference potential is the charge-dependent CD-Bonn potential.
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[. INTRODUCTION Section Il describes our perturbative approach to the scat-
tering theory of the three-nucleon system; the section formu-
We embarked on the description of nucleon-deuteron scatates the technical apparatus. Section Il discusses its range
tering with A-isobar excitation. Referendd] developed a of applicability and tests its validity; the validity will turn out
coupled-channel formulation within the framework of non- to be quite satisfactory. We use the perturbative approach for
relativistic quantum mechanics: Three-nucleon channels ard-isobar coupling, for charge dependence and for higher par-
coupled to those in which one nucleon is turned into a singldial waves of the two-baryon coupled-channel interaction.
A isobar. TheA isobar is considered a stable baryon with Section IV gives a summary.
spin and isospir§. The description applies to scattering en-
ergies well below the pion-production threshold. The virtual Il. GENERAL FORMALISM OF PERTURBATION
excitation of theA isobar yields an effective three-nucleon THEORY
force, besides othek-isobar effects.
First results of the coupled-channel description of We describe nucleon-deuteron scattering in a three-baryon
nucleon-deuteron scattering are given in RE2s3] for elas-  Hilbert space which has a purely nucleonic seéifyr and a
tic scattering, in Ref[4] for breakup, and in Ref$5,6] for ~ sector, in which one nucleon is replaced byAaisobar.
electromagnetic reactions of the three-nucleon systenilhe notation is taken over from Refl]; it will only be
Whereas a separable expansion of the two-baryon transitioexplained, where necessary for understanding. The dynamics
matrix was used in those early calculations, R&l.solves is based on the two-baryon coupled-channel potential de-
the three-particle scattering equations exactly by Chebyshewed from the charge-dependent CD-Bonn poteritidl as
expansion of the two-baryon transition matrix as interpolafurely nucleonic reference according to the construction
tion technique. This technique is found to be highly efficienttechnique of Ref[9]. The charge dependence carries over to
and systematic. We are proud of all the calculational achievethe coupled-channel potential withA-isobar excitation;
ments: The developed theoretical apparatus is based on red-isobar coupling and charge dependence occur in the same
istic interactions, the computations are technically soundisospin-triplet partial waves. The standard exact calculations,
and the account of the existing experimental data is surpriss#hose results are to be approximated in perturbation theory,
ingly good. However, in one respect the given description ofnclude the interaction up to two-baryon total angular mo-
nucleon-deuteron scattering is highly disappointing: The dementuml =5, A-isobar coupling up td =4, and they em-
scription does not allow for an immediate physics underploy three-particle partial-wave channels up to three-baryon
standing of the predictions, since the steps from the baryonitotal angular momentuny=3%' with three-baryon total isos-
interaction, the calculational input, to the details of observpin 7=3% and3. Of course, the number of three-particle par-
ables with and without polarization is clouded by highly tial waves required to obtain converged results depends on
complicated numerics. the available scattering energy, e.g., at 13, 65, 135, and 190
We admit that we are unable to change that situation oMeV nucleon lab energy, partial waves up to three-baryon
theoretical intransparency; this situation is not particular fortotal angular momenturd=3%t, 22, 2, and3!, respectively,
our calculational scheme; it appears to be the fate of thare needed. The standard calculations, exact with respect to
physics of few-nucleon systems. However, this paper ighree-particle dynamics, neglect the rather unimportant cou-
meant to supply a tool that may help to facilitate the physicpling between the three-baryon stafés3 and7= £ arising
understanding of three-nucleon scattering, at least in part anfdom the charge dependence of the interaction in higher
at least for particular situations. The tool is perturbationisospin-triplet waves; they only allow for the coupling due to
theory of high calculational accuracy. charge dependence #8, and 3P, waves; the full treatment
of 7=% in P waves is an improvement compared with Ref.
[7]; it yields only minimal and physically irrelevant changes
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The symmetrized multichannel transition matrix betweencontaining the unperturbed partof the two-baryon transi-
two-body channel&) (Z) and the symmetrized breakup tran- tion matrix, only the driving terms being different. That in-

sition matrixUy(Z) are given in Ref[1], i.e., tegral equation should be solved, when the half-shell ele-
ments of AUM™ are used to compute the corresponding

U=PG, ' +PTGyU, (18 breakup transition matriaA U{" according to Eq(3c). If one

is interested in the on-shell elements&xf)(™ only, needed

Uo=(1+P)Gy '+ (1+P)TGoU. (Ib)  for elastic nucleon-deuteron scattering, then quadra@ise

) . o is more convenient. The numerical solutions of E@.use
In Egs. (1), T is the two-baryon transition matrix in three- e Chebyshev expansion of the perturbatiohin the same
baryon space@, the free resolvent4—Ho) , Ho being 5y a5 the solution of the full scattering equation uses the
the free Hamiltonian including rest masses, a@fe P1o3  chepyshev expansion of the unperturbed transition matrix
+P132 the sum of the cyclic and ant|cycllc1 permutation op-\\je admit that Eqs(3) are not simpler to solve than those for
erators of three particles. The term{P) G, ~ does notcon-  the corresponding exact dynamics; nevertheless, we hope the
tribute to the on-shell matrix elements &fy needed for  perturbative approach to enable us to isolate important physi-
breakup observables. We leave out the dependence of opelggl mechanisms better.
tors on the three-particle available energyand the pair The perturbative approach developed in this section will
SUbSC“pt Of the tWO'baryon transition matrix in the nota“onbe app“ed in the f0||owing to particu|ar physics cases. We

of this paper, since they are not essential for our considefyj|| always use the lowest approximation ordein which
ations, and the equations become more compact by thake studied physics effect shows up.

omission. The three-particle scattering equatiqhs are
solved exactly with the interpolation technique based on the
Chebyshev expansion of the two-baryon transition makrix lll. VALIDITY OF PERTURBATION THEORY

accl:ordri1ng fto”Re'f[Y]. devel bati h In order to check the reliability of the developed pertur-
n the fo oowing, we deveiop a pertur ative approachpative approach, we compare results for nucleon-deuteron
which takes into account one part of the interaction exactlyy aering observables obtained with the technique of this
Emd the o?err] par't)approxmatt_e!y. we d_ecompose the tV"Of)aper to the corresponding results of an exact calculation.
baryon an three- arlyon tr;msmoAn matrt|)ces mtAo two zartsWe do so for both elastic and inelastic scattering. The defi-
.e., in Eqs.(1) we replaceT by T+AT, U yU+AU, an nitions of observables are given in Refg,4]. The step from

Up by Uo+AU,. Here,U andU, are defined to be exact g cajculated perturbed transition matri¢es AU andUq
solutions of the three-particle scattering equatiéhiswith +AU, to the respective observables is done without any

thhe unper_tu_rbed part antAhe twmz—garyonbtransiti?r}lma}trix. further approximation as in the full calculations. Of course,
The remaining correctionaU andAU, obey the following  {he predominant perturbative correction of observables is lin-
exact equations: ear inAU andAU,; those linear relations are most useful
AU=PTG,AU+PATGy(U+AU) (2a) for a qualitative understanding, as demonstrated in Figs. 4
0 0 ' and 6. In general, however, we choose to keep also the qua-
AUy=(14P)[TGAU+ATG,(U+AU)].  (2b) dratic contributions oAU andAU, to the observables; this
choice turns out to improve the reliability of the perturbative
The decomposition&2) can provide meaningful approxima- approach. Though this choice appears to be somehow incon-
tions when thecontribution of AT to the full multichannel  sistent with respect to the orders of perturbation, it seems to
transition matrices is small compared to thatTofln this ~ minimize a violation of the optical theorem, a fact not fully
case one can expect thAtU and AU, will be small and understood by us. The optical theorem connects linear and
already their lowest-order approximations will account quitequadratic terms of scattering amplitudes in a delicate form,
well for the required corrections td andU,, respectively. and a violation of it is inherent in most perturbative ap-
We therefore solve Eq$2) approximately by iteration, i.e., Proaches.

AUM=PTGAUM+PATGH(U+AUMY) (39 A. A-isobar degrees of freedom

=UGATGy(U+AUM D), (3b) The effect of theA isobar on observables of elastic and
inelastic nucleon-deuteron scattering is studied in Refs.
AU =(14P)[TGAUM+ATGo(U+AUM )], [2-4,7] exactly and is found to be quite small. We therefore

(30 expect that it can be accounted for well using the perturba-
tive approach as discussed in Sec. Il.
with AU@=AU{=0. The exact solutions of Eq$2) are The employed two-baryon coupled-channel potential dis-
recovered in the limit AU=lim,_.AU™ and AU, played in Fig. 1 yields a corresponding transition matrix
=lim,_.AU{”. We emphasize that we do not give the whose componentE,y and Ty, couple the two Hilbert sec-
termssmallandlarge (used in connection with the operators tors in an obvious notation or act in the additional Hilbert
AT, AU, andAU) a rigorous mathematical meaning. sectorH, throughT,, . But it also modifies the two-nucleon
Equation(3a) is an integral equation foAU(™, analo-  transition matrix within the purely nucleonic Hilbert sector
gous to that forU: Both equations have the same kernel,by ATyn compared withTyy, the two-nucleon transition
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FIG. 1. Two-baryon coupled-channel potential. The Hermitian

conjugate of the transition process is not shown. The perturbation N N N N N N
theory remains unchanged, if the coupled-channel potential also
contains an additional direct part in the Hilbert sectty . (a) (b)

FIG. 2. Three-nucleon processes taken into account in perturba-
tion theory. Processa) yields the two-nucleon dispersive effect
described byATyy in Egs. (6¢) and (6e); process(b) yields the
effective three-nucleon force BlaGoP Tay -

matrix derived from the purely nucleonic reference potential
In the notation of Sec. II, we write the full coupled-channel
two-baryon transition matriX + AT as

T+AT:TNN+ATNN+TAN+TNA+TAA' (4) )
We identify Ty with the unperturbed transition matri =(1+P)[TunGoAURK
the corrgspondlng multichannel three-nucleon transition ma- +(ATun+ TnaGoP Tan) GoUnnl. (60)
trices being
Unn=PGg 1+ PTunGoUnn, (59 When deriving Eqs(6) iteratively according to Eq¥3), the

term PATyNGoAU R =PAT NGoUNNGoA TanGoUnn IS
neglected as being of second order in the small quantity
ATy, all remaining terms in Eqs(6b)—(6e) are of first

The additional components of the two-baryon transition ma—Order in the corresponding small quantities; the used label

trix ATy, Tan, Tns, andT,, are generated byi-isobar n=2 is technical in the iterative spirit of EgR), it does not
i . ) reflect the order of small quantities.
excitation and are therefore containedAil. The computa-

. . . . . In Egs. (6), one can clearly see two differedt-isobar
tion of AT is described in the Append|x. We note that theeffects, i.e., the two-nucleon dispersion and the effective
componentsT,y, Tna, @and Ty, are in general not small

o : . hne : . three-nucleon force, described by the first and second terms
guantities in comparison witfiyy; this fact is borne out in

Fig. 5 of Ref.[1]. However, they enter the expressions for proportional toATyy and 10 TsGoPTay in Egs. (6¢) and

physical amplitudes together with the free resolvext in (6e), respectively. The corresponding characteristic processes

’ ; o are shown in Fig. 2.
A-isobar channels, which suppresses the contribution of the As found in Refs[2-4,7, the A-isobar effect is more

A isobar at the considered scattering energies quite Strongl}ﬁ'ronounced at higher scattering energies. In Figs. 3 and 4 we

.e., the dimensionless operatdByT,y and TyaGo can be o ofore present a comparison for selected observables at
treated as small quantities in comparison witgyGgy; on {1:;

Ugnn=(1+P)Gy+(1+P)TynGoUnn - (5b)

. . i igher energies only, i.e., for nucleon-deuteron breakup scat-
those small quantities the perturbative approach is base g 9 Y P

T h i th biNatiofs T . .G d theref ring at 65 MeV nucleon lab energy and for elastic nucleon-
Aa SNOWS Up 1N the combinatioe Faxo and NEretore  yo yteron scattering at 135 MeV nucleon lab energy. Besides
contributes in higher order only. In contrast T, Tan.

qT he additional AT t th ol the full calculation, a perturbative one is carried out, the
andT,, ., the additional componemi Tyy of the coupled- \nheryrhed interaction being the purely nucleonic reference
channel transition matrix is small in comparison Wil

di he A i potential andA-isobar coupling being considered the pertur-
according to the Appendix. bation. Even on the fine scale of the rather moderate

i n o:der tg ceilculate tht? o_bse_rvatkrallesl, of el?stlhc a_ndlinelalsA—isobar effect to the considered observables, the perturba-
IC hucleon-deuteron scattering n the fowest physically r€ly;e yreatment ofA-isobar coupling is reliable. The observ-

evant order, only the co(ml)poneme\,z,z,, A_U((JZRJN and as an - gples shown in Figs. 3 and 4 are characteristic for all calcu-
intermediate quantithUjy are needed, i.e., lated ones. In addition, Fig. 4 separates the two different
A-isobar effects proportional tATyy and TyaGoP Tay IN
AUSR=PTunGoUnn, (63 Eqg. (60); the general competition between those two effects,
@) @) o typical for trinucleon binding and low-energy scattering ob-
AURR=PTunGoAURNK T PATyNGoUnn+ PTnaGoAU Ky servabled2,7], does not remain so pronounced for observ-
(6b) ables at higher energies.

= +
UNNGo(ATnt TnaGoP Tan) GoUnn, (60) B. Charge dependence
AUR=(14P)(TunGoAUR + ATynGoUnn The effect of charge dependence in the two-baryon inter-
i action on observables of nucleon-deuteron scattering was
+TnaGoAU Ry (6d)  calculated exactly by ug7] and in Ref[13], and was found
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0.4 componentsT,; 7 With respect to total isospiff [7,13].
The charge-independent starting point does not couple total
A isospin, i.e.,T=T;,+ T33; we assume the proton-proton in-
03 1 | ] teraction to be representative for the complete isospin trip-
‘ lets, and thereforel,=T33=T,,. We take the proton-
proton interaction as charge-independent reference, since
most charge-independent potentials such as the Paris poten-
tial [14] were based on proton-proton data, the exception
being the family of original Bonn potential& 5] which were
\ tuned to neutron-proton data. Of course, the actual interme-
e N diate effects of charge dependence are different when the
0.0 ‘ ‘ neutron-proton interaction is used as charge-independent ref-
0 20 40 60 erence.
S (MeV) We take the CD-Bonn potential, extendedMesobar ex-
citation, as example for a charge-dependent potential; its full
charge-dependent transition matrix has the form

02| ]

0.1+ ]

d°0/dS dQ; dQ, (mb MeV 'sr?)

T+ AT:T11+ T33+ AT11+ AT31+ AT13+ AT33. (7)

We identify T,,+ T35 with the unperturbed transition matrix

G T, the corresponding multichannel transition matrices being
< Uy,=PGgy '+ PT13GoUs (8a)
Ug11=(1+P)Gy 1+ (1+P)T1,GoU ;. (8b)

‘ ‘ ‘ The notationU,;,,-and U, »77o7 makes the possible cou-
0 20 40 60 plings of total isospin explicit. The initial nucleon-deuteron
S (MeV) channel state has total isosgi# 3; the charge-independent
interaction cannot couple to another total isospin component.
FIG. 3. Differential cross section and nucleon analyzing power Charge dependence introduces isospin coupling into the
Ay(n) of nucleon-deuteron breakup as function of the arcler@yth two-baryon transition matrix as indicated BT ,7,7in Eq.

along the kinematical curve at 65 MeV nucleon lab energy in the(7), The arising perturbing components have the following
collinearity configuration (30°,98°,180°). Results of the perturba-explicit forms:

tive treatment of the\ isobar(dash-dotted curvgésare compared

with results of the exact calculation with th& isobar (solid 2

curves; they cannot be differentiated in the upper observable and AT1=3Tant 3 Tap~ Tpp, (93

only slightly in the lower one. In order to appreciate the size of the

A-isobar effect to be perturbatively accounted for, results of a cal- \/5

culation with the purely nucleonic reference potential are also given ATa=— (Top—Ton) (9b)
: 31 np nn/s

as dashed curves. The experimental data are from [R&f.and 3

refer to proton-deuteron scattering.
ATy3=ATg, (90

to be quite small, except in special kinematic situations of
breakup. We therefore expect that it can be acco.unted for AT33=}T + z . (9d)
well using the perturbative approach as discussed in Sec. II. 3 mogneoee

Older force models for the two-nucleon interaction as- ] )
sume charge independence; i.e., in the isospin-triplet partidP" neutron-deuteron scattering. The perturbing components
waves, proton-proton p(p), neutron-proton ifp), and A_TZT’ZT can be considered to be small quantities compared
neutron-neutron r(n) potentials are taken to be the same. With the.unpertqrbed'. .In order to calculate the obs.erve}bles
The three-nucleon bound state and the nucleon-deuterdd €lastic and inelastic neutron-deuteron scattering in the
scattering states, described without Coulomb interactionlOWest physically relevant order, only the componefits{?
only have wave function components with total isos@in for elastic scatteringAU'") ., for breakup, andUS} as an
=1. Charge dependence, allowed for in modern potentialintermediate quantity are needed; i.e.,
such as CD-Bonn potential, changes the wave function com-

ponents with total isospifi= % and develops additional com- AU =PT1,GoAU Y +PAT,GoU (10a

ponents with total isospii=3. This section tries to study

those changes due to charge dependence perturbatively. =U11GoAT11GoU 11, (10b)
Neutron-deuteron scattering is considered. The two- ) "

baryon transition matri in three-particle Hilbert space has AUS/=PT3GoAUs +PAT3GUy;, (1009
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0.4 ‘ ‘ ‘ ‘ ‘ Observables of elastic scattering are not documented in
¢ the figures. For them the effect of charge dependence is very
02 L small, this is also for the sensitive nucleon analyzing power
Ay(n) at 10 MeV nucleon lab enerdy,13]. It is perfectly
.................. accounted for by perturbation theory and decreases with in-
0.0 =% A : )
5 e creasing energy. Furthermore, according to Bdb only
< total isospin7= 3 states contribute to corrections of elastic
027 scattering in lowest order of perturbation theory.
Observables of breakup at 13 MeV nucleon lab energy are
04 % 37 shown in Fig. 5. Even on the fine scale of the moderate effect
*s 3 ¢ i of charge dependence, the perturbative treatment of charge
0.6 \ \ \ \ \ dependence is highly reliable. The full treatment of charge
0 30 60 % 120 150 180 dependence is crucial for the differential cross sections in the
Scattering Angle (deg) vicinity of final-state interaction(FSIl) peaks, as already
pointed out in Ref[13]. In our description, as illustrated in
1.0 detail in Fig. 6, left side, abou of the effect of charge
X dependence in the neutron-proton FSI peak is due to the
08 coupling to total isospir7=2, only 3 due to changes in
06 | AT44; the effect arises almost exclusively from the charge
' dependence in théS, two-baryon partial wave. The effect
¥ o4l ,ii;;-... Y | of charge dependence in the isospin-triftatvaves is negli-
< y gible for the differential cross section; however, it contrib-
02 | / | utes to the smaller effects in characteristic spin observables.
e The ratio3:% can be explained in the following way: The
0.0 T R np FSI should be described rather well—and, in fact, it is—
using thenp potential for all two-nucleon interactions with-
-0.2 ‘ ‘ ‘ : : out any charge dependence. Thus, when starting out with a
0 30 60 90 120 150 180

pp potential for all, the correctio,,—T,, has to be ap-
plied. However, allowing for charge dependence but keeping

FIG. 4. The two- and three-nucleon force effects of thisobar ~ Charge symmetry, Eq9a) yields ATy;= %_(THP_TDP_); ac-
for the deuteron analyzing powess, andA,, in elastic nucleon- ~ cording to Eqs(108 and(10d) the correctiorAUg 4, is pro-
deuteron scattering as function of the center of nfass) scatter-  portional toATy;. Thus, assuming predominant linearity in
ing angle at 135 MeV nucleon lab energy. The separated effects aldUy 11 for the corrections to observables, the changes in the
shown by the two curves around the horizontal zero line. There, thd=3 component yield only; of the full charge-dependent
dotted (solid) curves refer to the effective two-nucledthree-  effect; the7=2 componentAU, 3, has to yield the remain-
nucleon contributions to the observables according to E&p); ing part, i.e.,5. Of course, the above consideration is valid
they are calculated up to first orderAJ for illustrative reasons as  only in the vicinity of thenp FSI peak.
discussed in the first paragraph of Sec. IlI, and they therefore do not Depending on the assumed charge-independent reference,
sum up precisely to the full perturbative result, as used by us. Thg model-dependent choice, the individual charge-dependent
full results OfAXX and AXZ are also giVen. The perturbative results effects are of course different. |f' in contrast to the Strategy of
(dash-dotted curvésalmost coincide with the results of exact cal- this section, the neutron-proton interaction is taken as
culations (solid curves. Results without A-isobar excitation  charge-independent representative for all isospin-triplet com-
(dashed curve)sa_re given as reference for the completesobar ponents, the complete effect of charge dependence on the
323?; (‘)I’:ice;?::il?ental data are from RaR] and refer to proton-  itterentiq| breakup cross section in the neutron-proton FSI
9 kinematics of Fig. 5 is almost zero; the neutron-proton FSI is
well described by a charge-independent reference based on a
Augl;)ml: (14+P)(To7127/GoAU o711+ AT,71,GoU1y). neutron-pr_oton potenti@lSl]. The effect ofAT,; on the stan-
(10d) dard total-isospin staté=3; and the effect due to the non-
standardZ7=2 component almost cancel each other, though
being sizable individually; this fact is borne out in Fig. 6,
It is best to use Eq10b) for the on-shell correctiod U} of right side. In fact, the theoretical explanation is the same as
elastic neutron-deuteron scattering. The on-shell breakuthe reasoning in the previous paragraph for the previous
correction has transitions to total isosg@fi=3; quadrature charge-independent choice, howeusT, ;= — %(Tnp—Tpp)
(10d for that correction requires half-shell elements of thein contrast to Eq(9a); this is why the effect due tA U 14 is
two component\U,7/;; they are best calculated from the of doubled magnitude and opposite in sign compared to that
integral equation$10a and(10¢). The effect of charge de- of the previous paragraph as shown in Fig. 6, left side. Cor-
pendence is most pronounced at low energies; there the giespondly, in the neutron-neutron FSI regions the complete
multaneous\-isobar effect is negligible and will not be dis- effect of charge dependence is large, when the neutron-
cussed in this section anymore. proton interaction is the assumed reference; it was small be-

Scattering Angle (deg)
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FIG. 6. Model dependence of the charge-dependent effects
0.2 i on the assumed charge-independent reference. The effects on the
differential cross section of nucleon-deuteron breakup as function
of the arclengthS along the kinematical curve at 13 MeV nucleon
lab energy in the neutron-proton FSI configuration
(39.0°,62.5°,18@°), which arise from the nonstandafdcg com-
ponent in the transition matri¢solid curve$ and from changes in
the standard’=3 componentdotted curvel are shown; they are
calculated up to first order inU, for illustrative reasons as dis-
cussed in the first paragraph of Sec. lll, and they therefore do not
sum up precisely to the full perturbative result, as used by us. The
left figure corresponds to the proton-proton interaction as charge-
independent reference, the right figure to the neutron-proton inter-

Ay ()

-0.1 ; ; ; action as charge-independent reference. Full results of the perturba-
0 5 10 15 tive treatment of charge dependent@ash-dotted curvésand
S (MeV) results of a calculation without charge dependefuizshed curves

are also given; they almost coincide in the right figure. The experi-

FIG. 5. Differential cross section and nucleon analyzing powelenial data are from Ref16], referring to neutron-deuteron scat-

Ay(n) of nucleon-deuteron breakup as function of the arcler®th ering (crossel and from Ref.[17], referring to proton-deuteron
along the kinematical curve at 13 MeV nucleon lab energy in thescattering(full circles).

neutron-proton FSI configuration (39.0°,62.5°,180. Results of

the perturbative treatment of the charge dependédash-dotted action in the lower two-baryon partial waves consists of

curveg are compared with results of the exact treatment of thethose with 1<I,, and the interaction in the higher two-

charge dependendsolid curves; they are not distinguishable in - . - .
both plots. In order to appreciate the size of the effect to be perturparyon partial waves of those with<| <1, I, being large

batively accounted for, results of a calculation without charge de_enough to accommodate all significant dynamic aspects of

pendence, i.e., with the proton-proton interaction in all componenéhe consﬁeredhreaf:tlon. T_he addltltr)]nal condlﬂlpﬁ_l guarl-
of the isospin-triplet two-baryon partial waves, are also given adntees that the Interaction in the as_ymptOt'c nucieon-
dashed curves. The experimental data are from Rél, referring deuteron states belongs to the lower partial waves. The com-

to neutron-deuteron scatteririgrossel and from Ref[17], refer- ~ Ponents of the two-baryon transition matrix in lower and
ring to proton-deuteron scatterirtull circles). higher partial waves ar§ and Ty, respectively. In our per-
turbative approach of Eq$3), we choose the unperturbed
fore, when the proton-proton interaction was the assumefansition matrixT to beT, and the perturbing paiT to be
reference[13]. Of course, irrespective of how the charge- Th. i€,
independent reference is chosen, the full charge-dependent
results are always the same; this fact can also be read off

from Fig. 6. The solutions of the scattering equatiofis for the three-
baryon transition matrices with the two-baryon interacflon
C. Higher two-baryon partial waves in lower two-baryon partial waves only are

T+HAT=T,+T,. (11)

The contribution to the scattering amplitudes arising from U =PG,+PT,GoU,, (123
the two-baryon interaction in higher partial waves gets in-
creasingly small. We therefore expect that a perturbative Ug=(1+ p)(361+(1+ P)T,GoU, . (12b)
treatment of sufficiently high partial waves is a reliable ap-
proximation. The permutation operatd couples three-baryon states with
The two-baryon interaction is split into two parts accord-lower and higher two-baryon quantum number§hus, the
ing to the total two-baryon angular momentuniThe inter-  three-baryon transition matricé$, andU,, also have non-
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vanishing components with lower and higher two-baryon an-
gular momentd. The components o, in partial waves
with lower | are obtained from integral equatidf©2a), the
components describing the transitions to partial waves with
higherl are derived from the same equatid2a by quadra-
ture. We need the latter components for the perturbative ap-
proach.

The perturbing part of the two-baryon transition matrix is
Th: T, is considered small compared 1¢. Thus, the ap-
proximations forAU and AU, up to first order inT}, are

o
=
\

d°0/dS dQ, dQ, (mb MeV 'sr?)

AUD=PT,G,AUV+PT,GyU, (133 0.0 ‘ ‘ ‘ |
0 20 40 60 80
=U|GoThGoV, (13b S (MeV)

AU =(1+P)(T\GoAUM+T,GoU)). (130

With respect to observables of elastic and inelastic nucleon-
deuteron scattering, it is obviously sufficient to calculate the
components ofAU®) only between three-particle partial
waves with low two-baryon angular momentum 5
We emphasize that in this section the transition matrices &
T, and T}, may refer to a purely nucleonic interaction or to a
coupled-channel interaction with coupling of nucleonic
states to states with A isobar. Compared with Sec. IIl A,
the perturbative treatment of tleisobar in the latter case is
slightly different. In Sec. IlIA, terms of the type

TnaGoP Tan May contain transition matrices of the higher 06 0 30 60 90 120 150 180
included partial waves twice, in this section the perturba- Scattering Angle (deg)

tively treated transition matricels, y or Ty, Of higher partial

waves are included in first order only. FIG. 7. Differential cross section of nucleon-deuteron breakup

The contributionsAU andA U, to three-baryon transition as function of the arclengt® along the kinematical curve at 65
matrices arising from the two-baryon interaction in higherMeV nucleon lab energy in the collinearity configuration
partial waves increase with increasing energy. We therefor€59.5°,59.5°,180.0°) and deuteron analyzing poigd) of elas-
present a comparison for observables at higher energies onKg nucleon-deuteron scattering as function of the c.m. scattering
i.e., for nucleon-deuteron breakup at 65 MeV nucleon laAngle at 135 MeV nucleon lab energy. Results of the perturbative
energy and for elastic nucleon-deuteron scattering at 13featment of the two-baryon partial waves with=8<5 (dash-
MeV nucleon lab energy. The comparison is based on a norflotted curvepare compared with results of the exact calculation
vanishing two-baryon interaction in partial waves uplto ncluding two-baryon partial waves up to-5 (solid curves; dif-

_ : : . . : ferences are only discernible in the minimumAgf(d). In order to
=5, the isospin triplet partial waves up tio=4 being . : .
coupled to thed isobar. Besides the full calculation, a per- appreciate the size of the effect to be perturbatively accounted for,

- - . : . . _results of an exact reference calculation up+® are also given as

turbative one is carne_d out, the u_nperturbed interaction belngashed curves. The experimental data are from Reéts17 and
the coupled-channel interaction in two—b_aryc_m paryal WaVeSefer to proton-deuteron scattering.
up tol,=2, the coupled-channel interaction in partial waves
with 1,<I<I,=5 being considered as the perturbation. Se+equired by present-day data, the effect of partial waves
lected results are compared in Fig. 7. The shown agreeme#t5 and of A-isobar coupling forl >4 is not discernible in
between full and perturbative calculations is characteristidhe theoretical predictions. We found only one exception, i.e.,
for all calculated observables; thus, the perturbative treatthe nucleon-to-nucleon spin transfer coeffici t'(nn) of
ment of the interaction in higher two-baryon partial waves iselastic nucleon-deuteron scattering at 190 MeV nucleon lab
highly reliable. energy; it requires partial waves uplte-6 for convergence.

After the validity of perturbation theory for the higher A sample result for the rapid convergence with respect
two-baryon partial waves of the interaction is established, théo higher partial waves is given in Fig. 8; it is characteristic
convergence of theoretical predictions with respect to thoséor most studied observables of elastic nucleon-deuteron
higher partial waves for observables of elastic nucleonscattering and breakup; the exceptional case is also given in
deuteron scattering and breakup is studied in Fig. 8 for goindrig. 8.
beyond our standard approach.

Perturbatively, alsd =6 andl=7 partial waves are in- IV. SUMMARY
cluded, as well ag\-isobar coupling is extended up to the  Years ago, Ref[19] developed a perturbative approach
I =5 two-baryon partial waves. On the scale of accuracyfor studying properties of the three-nucleon bound state. The
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0.8 ; ; ‘ ‘ ‘ and an effective three-nucleon force, which is usually attrac-
tive. The competition between these two effects on nuclear

06 binding is well known. The competition for observables of
04l elastic and inelastic nucleon-deuteron scattering becomes
less pronounced at higher scattering energies.
z 02¢ (2) Charge dependence of the two-nucleon interaction is
< o0 most important in the'S, partial wave. The difference be-
' tween the neutron-proton and neutron-neutf@ interac-
02t tions is clearly seen in the FSI kinematics of breakup. The
charge dependence in the higher isospin-triplet partial waves
047 . is less important, but discernible in spin observables of
06 ‘ ‘ ‘ ‘ ‘ breakup. In addition, there is model dependence in the
0 30 60 90 120 150 180 charge-dependent effects on the assumed charge-independent
Scattering Angle (deg) reference; it is discussed in detail in Sec. Il B.
10 (3) Convergence problems with respect to the inclusion of

the interaction in high two-baryon partial waves are studied
with the conclusion: Observables of elastic nucleon-deuteron
scattering and of nucleon-deuteron breakup about up to the
first particle production threshold are sufficiently well de-
scribed by a two-baryon interaction, nonvanishing in partial
waves up to total two-baryon angular momentls5; cou-
pling to aA isobar has to be included up to partial waves
with 1 =4,
We admit freely that the numerics of the perturbative ap-
proach is in general not simpler than that of the full calcula-
‘ ‘ ‘ ‘ ‘ tion. Thus, we do not want to sell the approach of this paper
0 30 60 20 120 150 180 as a substitute for exact calculations to theoreticians with
Scattering Angle (deg) limited computational resources. Furthermore, most reaction
mechanisms can also be separated by full calculations with a
: (n) and nucleon-to-nucleon  i¢terent dynamic input. However, we still believe that in
spin transfer coefficierky (nn) of elastic nucleon-deuteron scat- particular cases the perturbative approach is better able to
tering as function of the c.m. scattering angle at 190 MeV nucleongg|ate the smaller effects of individual reaction mechanisms
lab energy. Results including the interaction in partial waves up topresent in the various observables of elastic nucleon-
two-baryon total angular momenturit=7 (solid Cuwe.$’ 1=6 deuteron scattering and breakup, and to make their working
(dashed curvgsand| =5 (dotted curvesare shown; differences o4 01 | this way we plan to use it in future, as an illumi-

are only discernible for the observalig (nn). The experimental  nating complement to exact calculations of three-nucleon
data are from Refl18] and refer to proton-deuteron scattering. scattering

K, (nn)

FIG. 8. Nucleon analyzing powd,

approach helped to understand effects arising fdomsobar ACKNOWLEDGMENTS
excitation better; it also clarified how the perturbative calcu-
lation of wave function components with/a isobar and of
exchange-current effects arising from thdsobar should be
carried out in a reliable fashion. This paper extends and ge
eralizes that approach to nucleon-deuteron scattering, elas
cally and with breakup.

A perturbative procedure is given for calculating correc-
tions to the multichannel transition matricés for elastic
scattering andl, for breakup due to perturbing contributions APPENDIX: TWO-BARYON TRANSITION MATRIX WITH

in the underlying dynamics. The paper is meant to establish CHANNEL COUPLING
the nume.rical reliab?lity of that. prc_)cedure for scattering ef- 0 two-baryon transition matrix is determined by the
fects arising fromA-isobar excitation, from charge depen- | j,nmann-Schwinger equation. In the case of a purely nucle-
dence and from high partial waves in the two-baryon inter-gnic hotential y,y, the Lippmann-Schwinger equation takes
action. The found reliability of the perturbative approach isine form
impressive. It can therefore be used for isolating reaction
mechanisms in detail. We summarize our first results as fol- tan(2) =v Nt UnnGo(2) tun(2). (A1)
lows.

(1) A-isobar excitation in the two-baryon interaction hasWe use lower-case letters when denoting operators in the
two distinct effects in the nuclear medium, i.e., it yields antwo-baryon Hilbert space, here the potentialthe transition
effective two-nucleon repulsion, the two-nucleon dispersionmatrix t(z), and the free resolvemjy(z). In contrast to the

The authors are grateful to R. Machleidt for providing
them with the computer code for the CD-Bonn potential.
ﬁA_\.D. acknowledges a valuable DAAD grant for graduate
tudies at the University of Hannover. The numerical calcu-
ations were performed at the Regionales Rechenzentrum fu
Niedersachsen.
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main body of this paper we keep the dependence of operatodeveloped in Egs(6) of Sec. Il A for A-isobar coupling,
on the available two-baryon energgxplicitly in this appen-  requiresAtyn(2), tan(2), andtya(z) translated into three-

dix. For the general coupled-channel potential baryon Hilbert spacet,,(z) is not needed in the order of
perturbation theory considered there. Siddg(z) is small
vtAv=vnvtAvnntoantonatosas (A2 compared tayy(2), andge(2)tan(2) is small compared to
the corresponding components of the two-baryon coupleng(Z)tNN(Z)’ the following approximations:
channel transition matrix obey the following set of coupled t(2)= 1+ On(2)tan(Z Ada
Lippmann-Schwinger equations, i.e., an(Z)=van[1+9o(2)tun(2) ], (Ada)
— T
tun(2) + Atyn(2) = (vant Ao {1+ go(2)[tun(2) tna(2)=[tan(2)]", (Adb)
+Atyn(Z2) 1 Fonalo(2)tan(2), Atyn(z) =[tnn(2)90(2) + 1][unaGo(Z)vant Avnn]
(A3a) X[1+9o(D)tun(2)] (Adc)
tan(Z) =van{1+9o(2)[tan(Z) + Atyn(2) T} are sufficiently accurate for the perturbing componexis
b of the two-baryon coupled-channel transition matrix, re-
+02290(D)tan(2), (A3D) quired in Egs(6); the approximation$A4) are also consis-
_ T tent with the approximations leading to Ed6).
tha(2)=[tan(2)]', (A3c) For the coupled-channel potential of Fig. 1, constructed

according to the procedure of R¢®], the perturbing poten-
3g) tial components arev,y, vna=UAn, and Avyn=

—vna0o(0)van. This particular choice ofAvyy ensures
Since usuallyAvyy is small compared toyy, Atyn(z) i phase equivalence with the purely nucleonic reference poten-
also small compared ttyy(z). The perturbative approach, tial vy at zero energy, i.eAtyn(0)=0.

taa(2)=vaal[1+9o(2)taa(2) ]+ UANQO(Z)tNA(Z)-(
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