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Abstrart—— .— .—

A slunmi+ry of Lhe bound-sLaLr working group session of the “lntrrnati onal Symposium

on the Thrre-Body Forcr in thr Threr-Nucleon SysLem” i~ prr~enlrd.



Introduction

The trinucleon bound state is the natural testing
1-4

to determin~ the effects of three-nucleon force*, .

which deF?nd on the simultaneo~s coordinates of

neglecting non-nucleonic degrees of freedom, such as

ground for most of our efforts

The ●xistence of these forces,

three nucleons, arises from

the excitation of a nucleon in

an intermediate state between two ●xchanges of mesons. Three-body forces are

additional forces which may have to be taken into account to ●xplain the binding

energies of nuclei for A23. In the trinucleon system typical three-nucleon forces

change the binding enerFy by 5-]5 percent, although they generate a much smaller

fraction (1-2%) of the total potential erergy. This relative smallness has proveo

to be a serious problem because, UUC1l recentlys, the reliability of calculations

was insufficient and there was considerable uncertainty over the accuracy of the

wavefunctions (needed to calculate observable) and eiger)values.

This symposium has shown that considerable progress has recently been achieved.

In particular the calculation cf the trinucleon hound-state properties due to two-

body interactions is now well under control. The different numerical techniques

used by various groups show remarkable convergence in the binding energies at a

level of accuracy of about 10 keV.

In the traditional Faadeev6 procedure, the two-nucleon potential is partial-wave

projected and written as an infinite series of terns, each ten of which acts only
.

in a given nucleon-nucleon partial wave (e.g., ‘so) , This infinite series is made

finite oy truncation, and the truncated problem is solved “exactly” in a numerical

sense. Each of these partial-waves for an interacting pair of particles can be

couplrd to the partial wave of the remaining (spectator) nucleon to form rr three-

nurleon partial-wave or “channel”. A decade ago standard calculation usually

included 811 positive-parity nucleon-nucleon partial waves with total angular

momentum J<l, or 5 channels. Hajduk and Sauer5 implemented a very arcuratc

prorrrfurr 10 momentum sparr for solving the bound-state Faddecv equations with

two-body forcrs, and improved the originirl lil-chanrrel (J$2) calculations of

i!r~ndenburg sod Kim7 to high accurscy, Recently, thr Log Alamos group8 (chcn,

Pnvnr, Frlnr, and Gibson) and the Sendrri group9 (Sasakawa and Ishikawa) havr

extended this to 34-channrls (J:4), These calculations havr e.itablishcd that thr

partial wave st=rirs has convergrd, and any error duc to a truncation of thr

(infinite) part ial-wavr ser)rs is slmost crrtalklly ]ess than 10 krv. MorPovrr,
10

numrrl(nl arethodx rxit;t whrrr the wavrfunction h~ri tbr same level of acclirn(,y JIS

the eiRrnvalur, implyill~ a high degrrr of confidrn(,r in the ●ccuracy of m.qt rlx

rlemrot~, or obsrrvab]rfi.

Thi* (’nnfidrr,ce in our c-al(’ulat ional tcchniqur~ for thr trinuc]ron bo,:nd stntrs

allows UN for the fllrit time 10 Invrstigntr the rffrct of threr-nnrlroo forcr-~ in n

r-rliab]r and RyNtemnt il. way. We also should triti(ally rxaminr ttrv rffertri {~f u

rrlat ivlfitl~ trrntmerlt of nu(.leon m.)ti:)rl and the presrn[.r of pxpi 1(.it 11(~11-llllt.lrolli[

-2-



degrees of freedom such as pions, isobars, quarks, etc. One of the difficulties of

this problem is that there is s certain overlap between thesis phenoeena, ao in

principle they should not be treated separately. We should recall that the

discovery and demonstration of significant contributions (10-20 percent) to the

electromagnetic current from intranuclear piona in few-body systems is one cf the
4

major success stories in nuclear physics in the recent past. No such unambiguous

demonstration exists for relativistic ●ffects and three-nucleon interactions, and

that is one of the reasons for this symposium.

The three-nucleon force is not a fundamental quantity; its description depends
11-13

on tire theoretical approach Two veq different techniques are used. The ❑ost

direct and popular approach
12,13” is to “freeze out” non-nucleoric degrees of freedom

and to include them as separate three-nucleon potential operators. A more ambitious

approach is to treat explicitly the new degrees oi freedom associated with non-

nucleonic components. This has the advantage of providing a ❑ore unified approach,

but at the expense of greater computational complexity. The latter ●pproach has
11

been implemented by Hajduk and Sauer , who include (single) A components +,n the

wavefunction, so that three-nucleon forces mediated by a single A are implicit in

their formalism. This unique calculation is truly “un tour de force.”

Significant components of the two.pion-exchange three-nucleon force are known

to be of relativistic order: (v/c)2. Tho~e components can be viewed schematically

as V~/Mc2, where V
n

~s the two-btidy OPFP and H is the nucleon mags. ‘l’his

observation allows one to make an estimate of their size, 1 !!cv, si~~e <V=> is

roughly 30 MLuV. Tuis is 2 percent of the total potential energy of approximately 50

Mev .

The mcsonir and other non-nucleonic processes in the triton ground Ftatr also

havr their three-body forcr analogur=s in the medium-energy ~cattering of pions and

protons from nuclei, shown below.

Thr scattering of a pion !rom the (exchanged) pi(jn (loud in the nuclFuN ~how~l III

(18) IS n trur thrcr-twdy force, whilr tht Z-graph for proton- nucleus acattrring

drpiuted in (lb) in a thr~r-body for(.c ?ff!.ci implicitly included in I)iro[

trratmrntti 0! thr proton prt)jrrtilr.

_,$-. .



Experimental Evidence for Three-Nucleon Forces In Trinucleon Ground States

The experimental evidence fol three-nucleon forces has centered on two groud-

state properties: the tritium bindi~g energy and the trinucleon form factors. We

discuss the binding ●nergy first.

The tritium binding energy is 8.5 HeV, while that of 3He is 764 keV less. The

binding energy difference has been : persistent problem.
14

The best ●stimates of

the Coulomb ●nergy, ~c~ have been by means of the hyperspherical formula, an

approximation developed independently by Fabre de la Ripelle
15 16and Friar. This

approximation, which is accurate at the one p~rcent level, writrs the Coulomb energy

as an integral over the trinucleon charge form factors. The latter can be taken

from experiment, which leads to an estimate of AEC ~ 640 keV. Most of the remaining

charge-symmret.ry breaking (CSB) is believed to arise largely from short-range

processes. Estimates of three-body-force CSB contributions have been made by Yang
i;

and are typically a few keV,

Five “realistic” two-body potentials have been calculated in the 34-channe]
8 9

approximation by the Los Alamos and Sendai groups. These ~re the Reid Soft Core,

Argonne V14, Super Soft Core (C), de Tourreil-Rouben-Sprung, and Paris potentials.

There is not yet complete agreement among results
5,9,18

for the latter case. All of

the binding energier. are approximately 1 MeV too low, This has prompted intense

speculation that three-body forces are responsible for the defect, although al] of

these calculations have been nonrelativistic and this approximation might also be

responsible for a significant part of the discrepancy. We also indicated carlirr

that a significant component of the two-pion-exchange three-body force wns of

rrlatlvistic order, Those calculations of relativistic corrections (without 31iF)

which hav(. berll prr[ormerl to date are inconclusive, with a substantial cancellation

be~wrfjlt thr relativistic corrections to the potential cll/’rgy (repulsive) and tbr

kine(lc energy (attractive).

C~)iculations using three-brrrfy forces are st } 11 in their ini’ancy. Early efforts

lnvolverf f’irst-ordrr perturbation theory nnd !i-chrinnrl wavefunrt ions. It was l.ltrr

S!,OW!J “ thnt both apprrrxirnctions arr inadequate, A minimro of !8 channels :S

rrquircd for n rensonnblr apprfrximatiou to the corrrct answer, and thr :]4-(iIfimIr]

app:’oxim~tirrf, is much l~etter. Hnreovrr, at Icast third-ordrr perturb-it ion theory is

rrqulrrd for certain of the thrrr-body forcr modr]s, The calculations with cx~)li(it

three-body prrt.rntials, 12 1:]
su[b as tht= Tu~son-Mt, ll)ournr , Brasilian , and l]rh,lrla-

ArRonne
20

fort’r~, hnvr yirldeti rou ,hly 1.5 tlrV adciitional binding, largrty

Inde;)rn(irnt of the two-bofiy potential , for the most rormrronly used versions of thrfir

mo(irl~ Unfortunately the [alculat.ionri have inrlicatr(i a high drgrec of st=nsiti Jity

t{) thr Hhrrrt-rangr b?havior, ❑rdiatr{i by the n-nul’iron form factor. rrt,c

Cal(’ulntionri in(ii(.ate(i al)ovr *Y usril a monopole form factor ma%s of roughly (A ~) HO()

i’frV, whi(h is equivalent to a Goldb.-rgrr-Trriman (G-T) (iis[repan[”y
21

of 3 percent .

[Islng the full 6 prr{rnt G-T valur (A = 500 MeV) lr~{is to much lFSS ad(iit ional



binding, while the value of A = 1200 HeV from N-N potential fits leads to much more

binding.
22

None of these calculations included the momentum-dependent terms , ●nd

the Ill ●nd Brasilisn forces in their originel forms did not include short-range

compments from the exchsnge of heavier mesons. Both groups have ●xtended their

techniques
23,24

to include pp ●nd pn 3BF with the 2112BF (typical c~onents ●re

shown below in Fig. 2), but no realistic calculations of their contributions have

‘5 indicste contributions of roughly 20 percent ofyet been made. Crude ●stimstes

the 2~2BF contributions.

(o) (b) (c)

Figure 2.

The other calculational technique which has been implemented is the Hajduk-Sauer

method’] employing ●xplicit A’s. Their result also gave a large A-mediated 3BF

contribution when the A was forced to be static, but this was reduced when the

complete A-propagator was used. !’forPover, the two-body force contribution is

modified when A’s are added, and a “dispersive” correction must be made to accotint

for this. The nrL result is a small (.3 HeV) incrrase in binding for this model.

Thr wide discrepancy between this method and the previous one is discussed further

in the next section.

Th~ other traditional obsrrvablrs of the trlnucleon are the rms charge radii,

thr probabilities of various wavr function components, ●nd the asymptotic

normalizations of variourn wave function components. All of these ●re expected to br

sensiLivr 10 thr binding energy, In p~rtirulnrl th~ m~an-uqllmr~ radiuR uhould hr

henvily drprndrnt on thr ●symp(otir form of the wavr function w -up,p5/2
, whrrr K is

1/2
proportional 1:) EB and EB il; the triton b]nding energy, Thus, wr ●xpert th~t

,. . .. .,.-
approximalrly true by the Los Alamo~+

to the physical bindinB ●nergy arr in

analysis, presented at thjn symposi~~m

affrer within the quoted ●xpcrimrrtal

unrerlaillt irfi; thr ]a~grnt renormalization factor in lFSR than 3X. For ‘H, on thr

otht-r hand, thr disagrremcnt between thr normalization of the different datn srts

❑ ny rxc~rd 10%. Thr q)erimcnt.tl values of th~ char~r ram radii which correspbn(! t.t)

1110 I)FN[ lit arr thr followinR:

-5-



3H : <r2> +

+
= 1.81(5) fm ,

31ie: <r2> = 1.93(3) fm ,

and charge radii for pointlike nucleons,

9H . <r2> $ = 1.66(6) fm ,
9H;: <r2>+ = 1.74(3) fm .

The ●rror for 3H is twice the error for 3He. The recent HIT measurements presented

by Beck ●t this workshop should reduce this ●rror by a determination of the sbsolute

normalization of the data to better t~an 2%. This ●xperiment had just been

completed St the time of this workshop, and the results of their analysis are

●xpected in the near future. At present the values of the charge radii presented by

Ilartino ●re in reasonable agreement with theoretical calculations which give the

correct triton bindin8 ●nergy. This indicates that i.t is the binding ener8y alone

which constrains many of the obsetwables. The Sendai group
28

has ●nalyzed the

asymptotic normalizations with the same conclusion: when the binding energies are

correct, the calculated asymptotic normalization components agree with experiment,

although the trinucleorr data are not very accurate. The ❑ixed symetry S-state

(denoLed S’) component of the wave function is also very sensitive to the binding
29

energy. It and the D-wave probability are not observable , however (i.e., they

cannot br measured). The latter for the triton is very C1OSC to 3/2 times the

corresponding D-have probability of the deuteron for a given two-body f~rce ❑odel.
Zfl

The threr-body force tends to increase8 the latter prob~bility slightly (~10-20

percent).

Thr remaining ground state obsrrvables which have conmanded attention lately arc

the form factors of the trinucleon ground states.
27,30,31

T!le ❑agnetic form factors
4

are dominated by meson-exchangr rurrents. Their sensitivity LO the t.t:lr~-[111~’lr,>ll

forc~ is smsll, and they are sttid]~d primarily to learn about the exchange currentx.

The ‘He chargr
30

form factor has been a problem for theorists since it was first

mrasurrd. The original SLanfor(l measurements
32a

slowed thut thi~. fnrm tactnr has n

diffraction ❑inimum at q2 -
-2

~ 11 fm , and a very Iargt’ srrondary maximum. The high-

J measurements32b at SLAC fnund suggestions of a sec,jnd diffraction ❑inimum. The

convrrsinn of thcsr form iacLor dnta to an “experiment al” chalgr density by Sick:]:]

lr[i Lo Lhr apprarancr of an unexp~l’Led, d?rp “hole” near the oriRin, The

interprcLnLion of thiR holr i~ controversial, b~[.ause it depends on significant

the. reLical assumpt ~onfi al!d Slmr.rhhat ar’hitrary exLrapolatious. Nonethelrs~+, it

point~ g[apbically to a serious problem: impulse approximation calrula(.ions”

(dsahcd lines l{) Fig, 3) unfferrstimat.m siRnificant]y the size of the secondary

maximum in thr form iacLor. RetWIL]y, aftel near]y two decades of anLicipaLion,

Sa{ Iny
27

extrndrd thr rarly Stanfcrd ❑easur~mcnts of tht trit,ium chargr form

facL(,r31° to Iargr values of qz, Thrse ●agerly awa;Lpd datr, and thosr of Lhr HIT
31(I●xprrimr.lt now brinu completed, demonsLraLr that th~ aam~ apcondary ❑tximum

3
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Fabre de la Ripellr 34
was thr first to suggest that the peculiar properties of

thrcr-nucleon forces rnnht solve both problems (bin(.ing and form factors). In the

impulse approximation, the charge density, pch(r), measures the average distance

~rom the trinucleon center-of-mass to a proton. If r is zero, the n~~cleons arc

constrained to lie in a strriight line. The binding t=nergy is largely determined by

tb( amount of isosceles (roughiy cqullateral) configuration in the wave iunction.

The latter component {an be inflllenced by different considerations than the

collinear configurations which determine p ch(0). One of’ the features of thrre-body

torcrs which persists in the classical, atomic, solid state, and nuclear domains is
4that these forces are vpr;, anglr dependent : they are highly sensitive Lo the

angular orientation of the three objc[ts. It is entirely possible for the thrre-

body force to br repulsive in the collinear configuration and reduce pch(()), while

hrlog attrrptive in the ifiosceles configurationfi which largely determine thv

binding. The conanonly used three-nucleon force models haw this property,

Calculations of’ the
19

groups h~ve ~hown that

(hy up to 50 percent) in

~renob,e_Montrea,35
, Hannover

11 28- -
, Srndai , and I,OS Alamos

thr chargr foim factor~ are, indeed, increased by the 3BF

the secondary maximum, wh~l<) im,~ulse approximation

--i-



calculations are roughly a factor of 3 too small. The desired effect exists,

too small, at least for those 3BF models which have been used to date.

Suggestions that meson (pion)-exchange currents in the charge operator,

which are of rel.stivistic order, ❑ight significantly alleviate the problem

but is

Pn(r),

led to

early calculational success for 3He. 35
Unfortunately, ❑ost of these calculations

used the pseudoscalar (PS) n-nucleon coupling model version of the currents. This

model is known to make unphysical predictions which are at variance with chiral

symuetr~ .
36 The ❑ore realistic pseudovector (PV) model produces smaller effects for

3He, but gives better agreement for 3H (solid lines in Fig. tj. Unfortunately, two

further problems with these currents cloud the issue badly.
22,37

One is the fact

that pn(r) contains a wide variety of momentum-dependent terms, and these have never

been calculated for the trinucleons. They are known to be as important as the local

terms in the case of deuteron forward photodisintegration.
38

The second problem is

that the form of pn(r) is ambiguous, as a result of its relativistic origin, and the

form used for this operator should be accompanied by a corresponding two-nucleon

potential which contains relativistic
22,37

corrections of a specific form. If this

scenario is followed, matrix elements are unambiguous. Unfortunately,

“realistic” potentials have ihe wrong functional forms to accommodate

relativistic corrections. A resolution of all these problems does not yet

Future Research Theoretical——

❑odern

these

exist.

A number of theoretical problems exist which ❑ust be resolved. Several

relatively easy calculations with realistic two-body forces need to be performed.

The contributions of the various three-body force models need to be broken down into

their separate components, and the most important ones identified. In addition, the

momentum-dependent terms in the Tucson-Melbourne potential should be evaluated. The

new p-n and p-p contributions to the TM and Brasilian forces should be incorporated

and their effect determined.

Several more difficult problems remain, The short-range behavior of the 3BF

dominates the bound-state binding. If anything approaching a definitive answer to

the question ~f how ❑uch binding is due to three-body forces is to be found, we must

thoroughly investigate ways to categorize and treat this problem. The current

results are problematic.
. .

The differences between the Hajduk-Sauer approachll and the more standard 3BF

approach utilizing explicit potentials ❑ust be resolved. The HS calculation,

berausp of its enormolls complexity, involved a number of compromises. It also

treated rcrt.ain aspects of the physicfi better than they have been treated hy others.

The strength of this method is that it is a unified ❑odel, with physical input

r~nging from the bound-state regime to the intermediate-energy rekime. It is

capable of treating tne A as a nonstatic object, because Lhe A’s kinetic energy, TA,

is included in the A propagator together with the kinetic energy of the nurleons,

-8-



[-E + TA + TN + AM]-l. This propagator is
‘N ‘

and the A-N ❑ass difference, M:
-1

approximated by AM in conventional 3BF models. In addition the HS approach

included the potential energy of the remaining two nucleons in the propagator, but
4

not the A-N interaction, which is not weil known in any event. Nevertheless, the

large effect of the kinetic energies (>0) in the A-propagator, found by HS to reduce

the A’s contribution, is partially cancelled by the potential energy. The standard

approach assumes that the cancellation is complete. This should be thoroughly

investigated. Horeover, the “dispersive’ two-body effect which also subtracts from

the binding is at least Dartially reflected in standard formulations
22,37

as

shorter-range three-body forces. This relationship should also be thoroughly

investigated. It ~s imperative that the relatio,lship between the standard ❑odel

A-contributions anti those of the HS model be well t’mderstood.

Finally, in the long term a fully relativistic formation of the Fadde~v

equation for Dirac particles needs to be developed and implemented. If this model

is capable of LJcorporating sufficient phenomenology, many questions can be

an~wered, At present only boson formulations have proven tractable.
39 Because over

50 percent of the binding comes from the tensor force, the latter exercises are

useful , but net

Future Research

We believe

definitive.

Experimental —

that the future of 3 nucleon physics lies in the continuum. There

are nevertheless several experimental improvements which can be ❑ade that will

improve and strengthen our knowledge of the bound statss.

The recent experiments
31

on the tritium form fac~ors at Saclay and MIT will

provide new challenges to theorists, will eliminate uncertainties, and constrain

theoretical p’.edictions. It would be worthwhile to extend these measurements to

very high q2(~100 fro-z), corresponding to the 3He measurements at SLAC. It would
3also be very worthwhile to ❑easure the H and 3H,~ form [actors together at low q2,

so that the rtcs radii could be accurately determined together. This would complete

our (experimental) understanding of these form factors.

normalization constants are uot very well known and

theoretical models.

A recur~iug question about the credibility of the

the trinucleon binding e(lergies is: how well dc we kuow

In addition, the asymptotic

do not seriously constrain

theoretical calculations of

the nucleon-nucleon forces?

Ignoring the problem ~f off-shell behavior, which to some extent is addressed

already
22,37

in 3BF consp.ruction 1 the primary concerr, lies in the tensor force

determined by the ou-shell data. More than 50 percent of the binding energy of the

trinucleons comes from the tensor force, and ❑uch of the variance between two-body

force ❑odel results can be traced to the tensor force. New experimental information

on tensor observable in the two-body problem would be very welcome. One experiment

of this type has begun at SIN, 40
and was presented at ~his symposium by Picksr.

-9-



Conclusions

A dozen years ago virtually nothing was known about three--nucleon forces. In

the intervening years we have learned to solve routinely the trinucleon bound-state

Faddeev equations for what amounts to the complete (model) nucleon-nucleon

potentill, and to include complicated three-nucleon forces as well. The art of

constructing those forces has dramatically improved, and modern versions of these

forces contain compo~ents derived from the exchange of heavy mesons, in addition to

pion exchange. Experimental sophistication in probing the tririuclecm ground

has made similar improvements. The recent Saclay and MIT tritium form

experiments have finally Unr?velled the isospin structure of the trinucleon

states

factor

charge

densities, and have generated new challenges for theorists. Although there are few

defi~ite conclusions yet and much remains to be done, the progress has been

exceptional . Perhaps it is not too pretentious to quote the final frame of the

❑ovie4’ , Destination Moorl: “This is the end of the beginning.”

-1o-
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