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T1{REE-BODY FORCES

J. L. Friar
Los Alamos National Laboratory, Los Alamos, NM 87545

ABSTRACT .

Three-body forces are defined and thei.1 properties discussed.
Evidence for such forces in the trinucleon bound states ard scatter-
ing reactions is reviewed. The binding energy defects of the tri-
nucleon bound states, the 3H< charge density, the Phillips line for
doublet n-d scattering lengths, and three-nucleon breakup reactions
are discussed, together with the possible influence of three-body
forces on these observable.

INTROI)UCTION AND i)EIINITIONS

Traditionally, nllclear physics has attempted to describe the
nucleus as a collection of nonrelativistic nucleons interac~ing via
two-nucleon forces. i These forces depend on the coordinates (and
possibly momenta), as well as spins and isospins, of only two nucle-
ons. This is a tremc,ldous simplification which has no theoretical
justification, other than a rough consistency between predictions of
the theoletic~l (two-body) models and experirnentc?. I use the word
“rough” purposefully because a serious impediment to the arlvanrt*-
ment of nu[.lcar th(~ory hn~ bc ‘n thr genf’r~l inrrhility to calculate
accuratr nuclear wave furrct.ionsfor rcalistir nllclron-nl]cleorrpoten-
tinl mo(lrls. Any luck of consistrn(’y brtween th(’oryand experiment
is uslJnllyblnm(’don “poor stru(tllrc rnlr-u]ntionsf’,

Thr frw-nucleon syst<*ms, on the ot.h(srhsnd, huvc trnditionfr]ly
I)(*(r,o tcstir]~grc)ljndfor r~rwi(le,~sbecause our nhjlity to Kolve the
Scl]r/;(lingrr(~qllntionis grrutrst, for thcsr simple cas~s, Although
vnrintionnl t(*cl]rJ(qlleshnve ]on~ brcn uficdto (~bt~]lrlwavr funct.ions
arttlc:lrr’Ry,’ig(’f]volllt-b(~urlds,tllrrrnl impetu~ in this firld wn~ the
~rrnir]alwork of l’nd(!rcvz @riRiflnlly drsig[ird tu h~ln(llrt.hrb(~und-
nr:”(Xoild{tiorl~in s(ntt($l.irlg\)~Ol)l(’Jllfi, Fnd(irr\”N appronch to solving
ttl~ S(llri;dil]gcro(~u.]1.ioulJrItJ b(t(”nvery ~lirct’xsf’ulin trrJJting bc)und
htntt*N ns wrll, (;cnlputatjoiin]xophixticatic)rlhns im~)rovr(ldrnmatic-

lly
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3. The meson degrees of freedom and nucleon substructure make
important contributions to observable.

It should be borne in mind that these 3 categories are not dist.?nct;
there is considerable overlap and in some cases the boundaries
between them are completely blurred.

We will concentrate our attention on the first category. The
definition of a three-body force givec above seems obvious, but is
i[]complete. We must have some way of distinguishing 2 successive
two-body forces between 3 objects and a real three-body force Our
working definition for the p~rpose of t;is talk will be: Forces
which ~e~end

——
on the simultaneous coordinates of 3 nucleans, when.— ——-. —. --- — ..—— _

on~ nucle~ d~grees of freedom are taken into account. The latter.-. - .———— ..——— _ ______ __ ___
caveat is required, because there are few three-body force compo-
nents which are in any sense “fundamental”; that is, it is possible
and proper to disagree whether certain forces are three-body in
nature or a complication two-body force situation.

-— ——
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exchange with the outer pair of electrons. The central elect:.on
accomplishes this by emitting a photon, creating an electron-

A ron pair, and tnen annihilating the positron on the remaining
elk on l<.ne, which emits another photon. Everyone would agree
that le lepton pair part of the diagram is special, and that without
it we .~uld be dealing with repeated two-body forces. On +-heother

hand, a 1 ‘lativistic calculation which uses Dirac wave funr.tions for
the elect ons and two-body forces would incl~~de this process in a——. —.—
natural way. In a nonrelativistic treatment, Figure (lb) depicts a
three-bady force; in a relativistic treatment, it is simply two
two-body forces. Figure (lc) depicts a meson exchange current in a
deuteron, “seen” by a photon from a passing electron.l” This is the
closest thing to a “fundamental” three-body force that I know.
Figure (Id) is relevant to our real interest, A neutrcn emits a
pion which strikes a proton, turning it into an excited state (N)’),
which decays by emitting a pion, later absorbed by another proton.
Is this a three-body force? It is according to our defj.nition. It
is not, however, considered as such in calculations12 which include
?!*’s in the nuclear wave function as identi.f;.ablecomponents.

Thus , “freezil,g out” degrees of freedom always leads to three-
body forces: in Figure l(a), the nllcleus; in (b), the negative-
energy wave fllnction components of the electron; in (c), t!lcpion;
in (d), the I!ucl.eonsubstructure (I@). I have spent too much time
defining three-body forces, but I have been at m=etings where the
experts have argued over such matters, leaving fIvcryonc else con-
fused. We see, however, that the litmus test is simple: drgrees of
freedom other than uuclcons which are included in thr l]l]~l(:iir wave
function don’t lead to explicit. three-body forces; frrrzing t.hernol:t.
produces suc’hforces. Figure (Id) is a m;]jor (the major?) compollcnt.

of the nu(lri]r three-i)ody force.



very different, indeed, oppcsitel

Figure 2. Coordinates Gf the three-body problem,

The ~calcs (Jrthrre-body forces are best illustrated by two ex-
amples. Thr three-clec~ron force (and possibly the first three-
nucleon force) was developed many year6 ago by Primakoff and
Holstcin,e and corresponds to ~hc diagram (lb). It is relatively
easy to ralclllate the fnrcr if one remt?mbrr~ that the electro-

~2/2m -(~~*~/nlc+:’2~z/2mc2, is ,Illrto the vir:ual electron-positron

“pair.” Thus the iorce WI.wistl is obtained by connecting the ~z .

vcrtrx t.otwo ~*~ v~rlicrs with photons. Schrmrttically, this force

hctw(’rr,two f’l(*(’tronsmTtlc fort-r is mom(~slt’]m-ll~l)rrldcnt,and very
weak {n mofit cirrumxtanres hrraust= of the I/c’ fac~or; it i~ 9
wr(’ond-ordrr rrlntivlstjc corrt=ction nnd most atoms nre basically
nonlelaLivJstic To thr hrsl of my knowlrdgr, it has never been
Kri’11r)f,~c.riincninlly.

‘i’hcmosl I)opIIlnr of the three-ni]rlcon forces is the TUCBCMI

forcr, 13 Whictl t’ontinl;rsa tIN liti(]nof nnmirlg rrrrnt force~ after
citirrl (1’rtfiB,Ilonn, (ii”nz,Pt( .), ThlR fort-r fs purrly two-pion-
rxt.hnll~r,thr lt]rl~[.st-r;illg{.(1lompt~rlcntof thr total force. JtR con-
Ntru.-tIon wnti nlutivlrtrdlJy tllr f(JllowillRnrgumrrtt: (1’ As f]]US-

trntcrl in Figurr (Id), tlIr l~rim:iryillgrrtiirntof the two-pion-
t’XI’llitll~l”-t llrf”f’-ll(~[ly- fOr_CP (21’H:IIW) ifi ttlr ufl’-~hrl] l)iorl-nl*~.lson

!ltIlllf.t-iIIg nnqlliludr; (2) t;,ll,fiidf’rnhlrLhrorrtirnl ~Ri r~,mrimcnta]
il~folnmtlol)”ex{~t,r.ror) tltiriqll:i:ltityfrom part l(’lrphyni(a; (3) Wr
II~OJ”dto [Otlntijdrronly ~- iind p- w;lvr n-N ~(-:]ttthrlng,hrrnuRr t.h~
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angular momentum barrier suppresses higher partial waves. With
these ingredients and assumptions the Tucson force was constructed.

We wish to emphasize several aspects of this force, and similar
forces. Firstly, it is very spin dependent and isos?in dependent
because the basic pion-nucleon ingredients are so dependent.
Secondly, it is momentum dependent, although there is some evidence
that the momentum-dependent terms are relatively unimportant.
Thizi.ily,although of one-pion-range in each pair of nucleons, it has
very strong short-range behavior which ~eems to dominate the
physics. Fourthly, it does not include the exchanges of other
mesons.

Schematically, the Tucson force has the form V2/1’lc2,where V
is the two-body one-pion-exci,ange potential and M is % mass which w:
can take to be the nucleon mass. The form saggests a size ccfre-

sponding to a relativistic correction. Unlike the atomic case, the
nu’lear three-body force should be appreciable.

It should be borne in mind that the construction o: such forces
is a theoretical exercise with limited experimental input. He\?much
progress on the two-nucleon problem would have been made without
experimental input’? A certain amount of cautio~ shotildbe exercised
by all!

EVIDENCE FOR THREE-BODY FORCES IN BOUND STATES

One tan argue that I“clativistic corrections in a nucleus should
be a fcw percent on the avera~.1’ In the trinucleon tiystem, the—..-. ... ....
total potential erle.rgyis estima~ed to be 50-60 MeV.3 A few percent
of tilis wov.ld be on the order of 1 MeV. Of coulse, the kinetic
energy largely cnnrel~H th~T~u;trntial rnergy, lraving a rt?Eidue of
8.5 HcV binding for . . , a change of only a few pcrrrnt in
pot~ntial ent~rgy would have an npprccjahlc effect on the Ilindi.ng
rnergy. THble I SI1Os the rrqults of’rcrent calculat iol]s3’7’8’16 of
Lhc propcrtirs of

3
MC nnd ‘H Ilsiiig only two-body potentials a d

their coml~arit+onwith rxprrirnrnt. Thr ‘ljIndiI)R~,,rrgy rrfcrs to ‘H
only; thr binding rnrrgy diffrrrncr of NC nnd H in nil inlrrrsti.ng
iln(l parLly ullrr~olvrd yrohlcrn. Thc! Rr!d Soft Core, Sul)rr-Soft Core,
Pnris, ilnd Argollllrpoti’rtifil~till lliid(~rh{lld thr triton by 1.0 - 1.3
MrV and have n r[)rr(’~l)t)tldillglytoo lurRc radius. While OIIC rnnnot
he r~’rt,linthat thr ulldrrbin(llngwoIIIIlnot bc rJimii~titedby n judi-
ciously ri~nrrnngrd two-body p(>~rnti~ {t. is A llrlori rrll$nnnblc to
iflv(’~tig~tcoth(!rpos~ihllitirk.

.

Al]othrr pofisi!~JliLyi~ rrl~liivifitlrcr,rrrrllons” to our non-
rr]~ltivjstic Lwo-l)o{lypol(’llfini modrl, Wr huvr nlrv;ldy srcn lh~t
Lhr ll~rrr-l)odyfvrcc~ (.iin br vlrwr(l IIIthifi light. flo~t thnlrula-

liOllH Of tllr I“ormrr rf’ff*rtF4find M fimn]l rr~it~ll~~rrsult illgfrom n
clln[.rlIation of thr rrl:ltiviF4ti~’c[)rrrct.ion~to thv klnrtlc mId
potrntjnl rlirr~irsl NOllr of thrfic t.:llrulutioll~nrr Nllfflrlrllt.ly
~lrflnitIvr to rulr o.11Lh(!~10st4ihilltythat rrlnt iVit4tirrorrf.rtionN
t{J 111(’ tW(J-hflllymOdPl :Ir(’Illlifllljortnnt.



TABLE 1. Comparison of calculated trinucleon properties vs.
experiment. The four models correspond to the Reid Soft Core,
Supersoft. Core (C), Paris and Argonne potentials. The radii
include the intrinsic sizes of the nucleonn.

Model

<r2> %

3He

<rz>#
3H ‘B

RSC 2.09 fm 1.83 fm 7.2 MeV

Ssc(c) 2.00 fm 1.76 fm 7.6 MeV

Paris 2.02 fm 7.4 Med

Argonne (V14) 2.06 fm 1.81 fm 7.4 MeV

Expt . 1.86(3) fm 1.69(5) fm 8.5 MeV

—.. .- —.. . ——
—— — .— .—.

Another possibility is that three-body forces are important and
account for the discrepancies in the trinucleon bound states. At
this time there exist five calculations5’ 6’ls’16 ‘1’ using part or
all of the Tucsorl force and realistic two-body forces. Unfortun-
ately, ncne of the calculations are identical and none get the same
result. There is rtiughagreemer,t that the &ttractive p-wave part of
the Tlicsorlforce Rives 1.0 - 1.5 MeV additional binding when recom-
mended values of the coupling constants are used. The s-wave part
of the interaction, however, is repulsive and estimated to decrease
binding by 0,4-1.0 MeV. The net result varies from O to 1.3 MeV,
according to the calculati”)ns. Since the two-body force models,
calc:llational Techniques, and approximations used to ~btain these
rtumhcrswere quite diffrrent, it is not clear what the problem is. I
personally doubt that the two-body model makes that much difference,
but J hcve no prcof of this assertion. These calculations are very
[Iiffrrrut and resolution of the prob]cm will come with time.

Another inkcresLing rind controversial compa ison is shown in
Figure (31,

i
which drpicts thv charge density of He, with “cxptiri-

mrnttil” data, am] densities c-alrulated at Los Alamosla using the
Rcitl Soft Core two-body poLcntia] t:iLh cnd without a Coulomb inter-
action ~~ctween Lhc twc pro~ons. I use the word experimental
arlvisrdly, cincc rortsidrrctblcLhcorctica] assumptions and extra-
polat lois tirr r{lquircdLo cxtrnct this density from the rxprrimental
rlnt.a. The rrror bars are Htntistical only and are considerably
smit]jrr than the sum of thr Lhrorrtical unrcrLainLies. Ncve:the-
IPFIH,th~ hole rrflrcts # l(,,,g~ti]~]ding prolii~rn: the lack of theore-
tlral strrngth in Lhe IIt. rhnrgc form factor in the region of the
Rc(.ondary maximum. The form fnrtor F(qZ) is ~imply the Fourier
Lrnllsform of the (barge rit=nsityp(r), normalized to 1. Inwrting
this rrlntion~hip provirlc6 a way nf culrulat,lng p(r) at any point.
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In particular

P(O) = : (“ F(CA2) qzuq (1)

The form Eactor is 1 if the momentum transfer q vanishes, decreaseg
to O as qz increases, becomes negative, turns around and approaches
G again. It is in the region of large negative values that theoret-
ical calculations have always bee~ deficient. This region of qz
accoufits at least qualitatively for the hole in p at the origin,
which follows from the structure of the integral in (l). Various
reasons have been advocated for this deficiency, including meson-
exchange currents and three-body forces. The former IS an except-
ionally complicated business involving relativistic corrections,
which we will ignore. 14 The second explanation has a particularly
simple geometrical aspect, which has galvanized the theoretical
community. We will assume it is correct for the purpose of expos-
ition.

%e Point RSC5 Charge Density
In

M

00[~”i
—#o(No Caulemb)

‘8
.--.+---.;~,mb)

-.....—.............. ,
t .....

c a

p

+ m

■

■

.

■

.—. L... e
no an la m m anJ:)

Figure 3.
3
He charge density calculations vs. experiment.

Consider Figure (2) again. The coordinate r in p(r) is the
distance from one of the protons (taken to be the bottom nucleon on

the figure) and the center-of-mass of the system (the cross). Thus
wc have the geometrical relationship: r=2y/3. Clearly, vanishing r
implies vanishing y, aad this further Implies a l’.nearconfiguration
of nucleons. Our theoretical models have too much attraction for
such a configuration, implying two large a value f p(r). We need

to derrcase this configuration, while increasing he bi]ding, which
drpendg more on the isosceles configurations. A t:,ree-nucieon force
can nrrc!mplish both th~fiegoals if it bl)haVPS as follows:
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We need to Three-body force should be.— —
A. Deplete linear configurations; Repulsive at 8=0,n;
B. Enhance isosceles configurations; Attractive near O=n/2;
C. Inc~ease binding. Net attractive.

view-Tnis scenario is possible, and attractive from a theoretical
point. Time % ill tell if it is correct or merely a chimera.

Three further aspects of the “hole” need to be discuseed before
abandoning the topic. Although the hole locks wry l~ge in Figure
(3), it requires less than 1% of the total ch~rge in He to fill it
in completely. This is consistent with our (arlier estimate of the
size of the three-body force, and folluws from the presence of r2 in
the volume element of integration. In addition, the hole has no-
thing to do with repulsion in the nucleon-nucleon force. The charge
density is actually an integral over the wave function, which ha6
the structure

(2)P(r) ‘~W2(x,3r/2,9)d3x,

where we have replaced y by 3r/2 as indicated earlier. Moreover, it
is easy to visualize that for y=r=O, the wave fanction is inde-
pendent of $he variable 0. Figure (4) depict6 the major component
(u) of the He wave function for @O. The deep trough I call “death
valley” is due to the strong short-range repuisioa #hen two nucleonE
try to overlap (y=x/2). The charge density p(0) is given by an
integral along the y=O plar~e and is most strongly influenced by ihe
large structure in the vicinity of x=1.5 fm, which iE near where the
nucleon-nucleon force is most attractive. Thus , “death valley” ha6
relatively little effect on p(o). Finally, the previously discussed
inconclusive calculations using the Tucson force find a small effect
on p(o).

u (1= 0°

Figure 4. Principal component of the
3
He wave function calculated

~sing the Reid Soft Core potential model.



a
EVIDENCE FOR THREE-BODY FORCES FROM SCATTERING

.

In principle, scattering processes should provide much more in”
formation than bound states in the search for evidence of three-~ody
forces. In fact such evidence is lamentably scant, and is tied ~n a
curious way to the bound state evidence.

If neutrons at vanishing energy are scattered from deuterons,
the scattering lengths are measured, of which there are two. The
deuteran spin of 1 couples to the neutron’s spin 1/2 to form two
independent total spin combinations: quartet (3/2) and doublet
(1/2). The quartet scattering length is large and influenced pri-
n,arily by the valuy2~f the deuteron binding energy. The doublet
scattering length z is small and strongly coupled in a somewhat
mysterious way with the corresponding values of the triton binding
energy. g This feature is known as the Phillips linezo and is
depicted in Figure (5), with 4 theoretical points21’22 used to
generate the fitted line, and the one (uniitted) experimental point.
The triton binding energy defect that seems to be a universal
f ~~ur,~ of “realistic”
a~

two-body potential calculations means that
is too large, since EB is t60 small.

for the binding defect would also move a
~~ftever physics accounts

closer to the exper-
imental point, assuming that the Phillips line is indeed a llniversal
feature of doubiet scattering lengths. Calculations by Terre,

= show that this general trend is followed xbenBenaycun, and Chauvin
three-nucleon forces are included.

~c! rlnublet scattering lengths

“~’ “-”” p.,==1

\ Ex~rlmrnlal hlum

15

*

a5

\
o

r 1

Figure 5. Calculated doublet nd scattering lengths vs. triton
binding f=ner~ies, and the rxperirncntal datun.
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In order to exploit the additional freedom one has in scatter-
ing, one should work at slightly higher energy. Frankly, I’m not
sure what types of experiments should be performed. If the geo-
metrical. feature of three-body forces we discussed earlier is
correct, perhaps experiments of the the type shown in Figure (6)
will show sensitivity to three-body forces. Figure (6a) depicts a
bound neutron (open circle) and proton (shaded circle) colliding
with a proton in the center-of-mass. TWO possible final state
configurations are shown, with an isosceles scheme in ib) -nd a
collinear one in (c). These processes should Ehow some sensitivity
to three-body forces. Detailed calculations would be necessary to
make this argument convincing.

(0)
.—

‘b

P
(b)

Figure 6. Vzrious final state configurations from p+d scattering.

Finally, it has been suggested 23 that, the small discrepancy be-
tween the neutron-neutron scattering lengths from the d(n-,y)2n and
d(n,2n)p reactions may result from ‘.hree-nucleon force effects in
the final state of the latter reaction. This is an intriguing
speculation which also requires more detailed calculations.

CONCT.USIONS AND SUMMARY

It is ubvious that much more work needs to be performed on this
rapidly developing area of investigation. Because of the inherent
limitations of purely theoretical efforts to understand hadronic

physics, our approaches to the three-nucleon force should be
diverse; there will be many revisions of the forces. Currently

there is no concrete evidence for three-nucleon forces, but several
intriguing possibilities are suggestive. In recent calculations of

the additional triton b~.nding due to the Tucson force, all is
chaotic. Thifi is quite understandable in view of Lbe complexity of
the calculational problem; order will appear in time. The few-body

field remains a very active area fur the inv~stigation of new ideas
and fundamental nuclear mechanisms: in this case, the effect of

three-nucleon forces.
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THREE-BODY FORCES

J. L. Friar
LCIS Alamos National Laboratory, Los Alaruos, NM 87545

-.. ABSTRACT .

Three-body forces are defined and their properties discusseti.
Evidence for such forces in the trinuclcon bound states and scatter-
ing reactions is reviewed. The binding energy defects of the tri-
nucleon bound states, the 3He charge density, the Phillips line for
doubl~t n-d scattering lengths, and three-nucleon breakup seactiona
are discussed, together with the possible influence of three-body
forces on these Gbservables.

INTRODUCTION AND DEFINITIONS

Traditionally, nuclear physics has attempted to describe the
nucleus as a collection of nonrelstivistic nucleons interacting via
two-nucleon forces. 1 Thebe forces depend on the coordinates (and
possibly ❑omenta), as well as spins and isospins, of ouly two nucle-
ont3. This is a tremendous simplification which has no theoretical
justification, other than a rough consistency between predictions of
the theoretical (two-body) models and experiments. I use the word
“rough” purposefully, because a serious impediment to the advance-
ment af nuclear theory has been thp general inability to calculate
accurate nuclear wave functions for realistic nucleon-nucleon poten-
tial model~. Any lack of consistency b~tween theory ~nd experiment
is usually blamed cn “poor structure calculations”.

The few-nucleon systems, on the other hand, have traditionally
Leen a testing ground for ncw ideas bccausc our ability to solve the
Schr6dinger equation is greatest for these simple case~. Altho~gh
variational trrhniques have lonb been used to obtain wave funr!-ions
and energy cigunva]uc bounds, the real impetus in this firld W;]S the
seminal work of Faddcev.2 Originally drsigncd to handle the bound-
ary conditions in srattcring probit’ms, Faddcrv’~ approach Lo solving
the Schr6cl~ngcr equation hn~ been very fiucccssi”ulin Lrrating hound
states as weil, Computational fiophistiration hns improv~’d drnmat.ic-
ally In the pRst decade, to the point whrrc wc can rxprrinmntal]y
challenge predictions of the stnndnrd two-body modcla.3 a

If thic chtlllrnge prows un~uccrssful, to what cnusr cnn the
blnme bc laid7 This iti nlways a difficult qur~tion to nnswrr, br-
Cllusc there mrr mnny uncrrtnintit’fi in the Lraditionlll nuclrar
phy~jcs ap~ronrh to rail’ulntil~g ob~crvnl)lru. TIIr mnjor pos~.iblr rln-

ccrtnlntics arc thrrufo]d:

1. Tl~rrr-body forccR rxixt which drprnd 011 thr ~Jmllltn:lrouo
posi.tious, m(m]f*nLn , Npjns, mId i~ol~])infi ot tlIlrc-nurlrons;

2. Thr rffrct of rrlntivity iR :loll-l~f’fili~illlc, nnd rrlativ-
ifitir corlrrt+on~ nrr importnnL;


