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A three-body unitary transformation method for the study of three-body forces is pre-
sented. Starting with a three-body Hamiltonian with two-body forces, unitary transforma-
tions are introduced to generate Hamiltonians that have both two- and three-body forces.
For cases of physical interest, the two-body forces of the altered Hamiltonians are phase
equivalent (for two-body scattering) to the original and the three-body force vanishes when
any interparticle distance is large. Specific examples are presented. Applications for
studying the possible role of three-body forces in accounting for trinucleon bound state
properties are examined. Calculations of the He and °H charge form factors and Coulomb
energy difference with hyperspherical radial transformations and with conventional N-N
potentials are performed. The form factor calculations demonstrate how the proposed
method can help obtain improved agreement with experiment by the introduction of appro-
priate three-body forces. Calculations of the Coulomb energy difference confirm previous
estimates concerning charge symmetry breaking in the N-N interaction.
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I. INTRODUCTION

Faddeev calculations with realistic two-nucleon
(N-N) potentials’*? do not yield predictions for the
properties of the three-nucleon (3N) bound states
in agreement with experiment. Realistic inter-
actions predict neither the correct binding energy
of *H (E; ~7 MeV vs 8.5 MeV experiment) nor the
correct *He charge form factor [ F.,(¢%) CHe)].
The position of the diffraction minimum (¢,%) in
F (9% (*He) is not in agreement with experiment
(g9,°= 14 fm™ vs 11.6 fm? experiment) and the
height of the second maximum is at least a factor
of 3 below experiment. If possible off-shell vari-
ations of realistic interactions are considered,®'*
predictions of £E; may improve, but only at the
cost of ruining the fit of F,(¢%) (*He) even more.
Another discrepancy is that the Coulomb energy
calculated from the 3N wave functions obtained
from realistic interactions gives® 0.60-0.65 MeV
compared with the experimental energy difference
between *H and *He of AE (*He-°H) =0.76 MeV.

The inability to explain the trinucleon bound
state properties with pure two-body forces has
suggested to some an important role for three-
body forces in the 3N system.**® From meson
field theory such forces should exist and estimates
of their contributions to nuclear binding energies
range from 2.3 MeV for the triton’ to anywhere
from 0.1 to 5 MeV/A for nuclear matter.® Other
possible reasons for the discrepancies mentioned
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above are the neglect of meson exchange currents
[for F,,(4?)],° other relativistic effects,'® and
charge dependence and charge-symmetry-break-
ing in the N-N force.!'’!?

This paper employs a three-body unitary trans-
formation method to generate three-body forces
for use in investigating the properties of the 3N
bound states. Section II describes the unitary
transformation method and gives specific exam-
ples. The method is similar, in spirit, to the
two-body unitary transformation method popular
for studying off-shell effects.’®* The three-body
forces generated are nonlocal and preserve the
3N binding energy (E;) predicted by a starting
“untransformed” two-body potential. While the
transformations leave E; invariant, the wave func-
tions and properties that depend on them (elec-
tromagnetic form factors, Coulomb energy)
change.

One of the main goals of this paper is to examine
the influence of different nuclear force models,
especially those containing three-body forces, on
3N bound state properties. In Sec. III we study
the effects of certain transformations, and hence
of certain three-body forces, on the 3N bound
state properties. The “starting” N-N potential
is the Graz preliminary (GRP) potential** since
this potential gives both a satisfactory fit to the
N-N data and approximately the correct value for
Er. We calculate the *He and *H charge form fac-
tors with the GRP potential and with two unitary
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transformations as well as with two conventional
N-N potentials [Reid (R)'® and de Tourreil-Sprung
A (S)'®]. The principal purpose here is to de-
termine how the three-body forces introduced
might help explain the experimental values of both
E; and F,(9%). Previously, Brayshaw® deduced
the necessity of three-body forces by studying the
experimental *He and *H charge form factors and
extracting the 3N wave function in a hyperspher-
ical basis. He estimated that the required 3N
force contributes about 2.5 MeV attraction to E;.
This work differs from Brayshaw’s in that an
explicit three-body force appears and the N-N
potentials considered have tensor components.
The three-body forces introduced are indeed help-
ful in fitting the form factor data in both *He and
°H.

The last part of Sec. III investigates the Coulomb
energy predictions obtained from wave functions
of different force models. We relate the AE,
results with the form factor results and discuss
what the experimental form factors may imply
about AE.. This type of investigation has been
previously carried out by Friar'” and by Fabre de
la Ripell,'® who estimate A E. directly from the
experimental charge form factors with the result
AE,=~0.64 MeV. Our AE; and form factor cal-
culations yield a final estimate of A E; in close
agreement with Friar and Fabre de la Ripell, con-
firming previous estimates of charge symmetry
breaking in the N-N force.

II. UNITARY TRANSFORMATION METHOD

The three-body unitary transformation method
described here is an extension of the two-body
unitary equivalence methods of Ekstein,'® Baker,?°
Coester et al.,” and others. The three- and many-
body extensions have been referred to by Villars?!
and by Ristig,?? but they have never, to my know-
ledge, been employed for three- or many-nucleon
calculations. Sdenz and Zachary® have considered
the many-body method from the viewpoint of time-
dependent scattering theory.

Analogous to the two-body unitary transforma-
tion method, we start with an untransformed Ham-
iltonian H for the three-body system

H=T+ Z Vi, (1)
i<y

where T is the total kinetic energy and V;; are
(for simplicity) two-body potentials. Since we
assume translational and Galilean invariance
throughout the discussion, we consider the Hilbert
space of the three particles in the center-of-mass
(c.m.) system. The Hamiltonian H yields a spec-
trum {E,} with eigenstates {¢,} (H¥, = E, $,) which

may include bound states. Since we have the 3N
system in mind, we assume one bound state with
energy — E; and wave function . (This restric-
tion is not necessary in general.) From ¥, one
can calculate, for example, electromagnetic form
factors [indicated collectively as { F(¢?)}].

_We now consider a “transformed” Hamiltonian
H= UHUT, where U is a translationally and Galilean
invariant unitary operator consisting of two- and/
or three-body parts. By unitarity (UUT =UTU =1)
U preserves the spectrum {E,} but changes the
wave functions {zﬂ,, = Uz/),,}. Properties that depend
on the bound state wave functions may change
(i.e., H=¢p~{F(@*}#{F(g®)}). In general the
transformed Hamiltonian can be written

H=UHU'=T+ > Vi, +H® (2)
i<y

where f}',-, is a new pair interaction, which may
(or may not) differ from V;,;, and H® depends on
the coordinates of all three particles, i.e., it isa
three-body force. Of course, in transforming

H to H, one usually would desire the same two-
body scattering properties of the potentials V;;
and V;,. Sdenz and Zachary,? from time-depen-
dent scattering theory, have derived general con-
ditions on U such that H and H are equivalent for
three- (or many) body scattering and for which

Vi jand Vy; are equivalent for two-body scatter-
ing. We present shortly specific examples of U
for which V;; and V,, are phase-equivalent for
two-body scattering.

As in the two-body unitary transformation meth-
od, we do not regard U as a complete unitary
transformation of the quantum mechanical descrip-
tion of the three-body system. That would not be
of any physical interest. Rather we exploit U as
a means of manufacturing alternate Hamiltonians
that preserve spectra and certain scattering prop-
erties. These alternate Hamiltonians are ex-
pressed in terms of unchanging operators repre-
senting physical observables. One could distin-
guish between these Hamiltonians with varying
off-shell behavior and three-body forces, for ex-
ample, by their predictions of bound state prop-
erties.

The main advantage of the proposed method over
the ad hoc introduction of three-body forces is
that one never has to solve the Faddeev equations
with the generated three-body forces. One only
has to transform wave functions obtained from a
solution of the Faddeev equations from the starting
potential. Of course, if one desires to assess the
influence of H® in the Hamiltonian &, one may
want to calculate 3N properties in the absence of
H® | i.e., with the Hamiltonian A=T+3} ¥;,. The



700 MICHAEL I.

three-body forces produced in this method are,
like the two-body forces generated in off-shell
transformations, very nonlocal. In this respect
they are quite different from the types of three-
body forces derived from meson field theory.” We
now present some examples.

One of the simplest types of three-body trans-
formations are those that operate on the depen-
dence of the wave function on the hyperspherical
radius (R). Here

(Ry|U|R'Y") =UR,R")(y-y"), (3)

where R*=7;2+p;%, T;=X;=%,, P =(X;+X, - 2%;)/
V3 (i, j, k cyclic—assume equal masses) X; is the
position vector of particle Z, and y represents all
additional coordinates needed to describe the
three-body system in the c.m. frame. The hyper-
spherical radius is exchange symmetric, i.e., it
is independent of ;. Therefore, U is exchange
symmetric, and § = Uy satisfies the Pauli prin-
ciple if ¥ does. Furthermore, since R depends
on the coordinates of all three particles, Uis a
pure three-body operator and V,-,= Vi;. The hyper-
spherical radius R becomes infinite if any inter-
particle distance is infinite; thus, if U is short-
ranged in R and R’

[i.e., UR,R’) 8(R - R")/R]

Ror R/ —>w=
the three-body term (H® =UHU'=T -3 ;) isa
three-body force in the usual sense: It vanishes
when any pair of particles is infinitely separated.
Two examples of such operators are the rank-two
separable hyperspherical transformation

U:I_(l —COS&)('g1> <g1'+ lg2><g2|)
+Sin9('g1><gzl—lgz><gll) (4)
[{gilgy =04y, (Fr Pl g =2i(R)]
and the radial scale distortion (Baker) transforma-
tion
¥R, y) = UY(R, y)

5/2
[@] LF(B)] 2y f(R), ) (5)

[F(R)>0, f(R)=R].

These are hyperspherical analogs to the two-body
transformations described by Coester et al.'3

An example of U (for nonidentical particles)
with V;;# V,, is

<Fl EI‘UIF{5;> :u(Fn Fll) 6(51 "'.51,) ’ (6)

where « is a unitary operator in the space of the
relative motion of particles 2 and 3. Here 7,

=V5, V=V, and 1723 =U(tys + Vyg) ut- t,,, where
t,, is the relative kinetic energy of particles 2 and
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3. The three-body force is H®=U(V,, + V,,) u'
-V, = V,;. If uis short ranged, 1723 and V,, give
equivalent two-body scattering results.

A three-body transformation with 17“ #V;,; suit-
able for identical particles is a three-body version
of the Bohm-Baker-Gross transformation,°* **
which is discussed by Sdenz and Zachary.?® Here

YEy, %,y Ky) =T V2K, Ky K) UF 15 Tos To) W)

where

§i=§i + ZF(lii"ij')(fi'ij)/lii"ij'
j=i

and J is the Jacobian of the transformation. For
this transformation V;; is just the potential, phase
shift equivalent to V;; obtained from the two-body
radial scale distortion transformation®’*?® (of the
relative displacement) I, = T +2F(7,) 7. All of
the transformations proposed above satisfy the
required symmetries (translational, rotational,
etc.) and the scattering equivalence conditions of
Sdenz and Zachary.>® All three-body forces van-
ish when any interparticle distance is large.

This work applies two examples of hyperspher-
ical transformations, one of the rank-two type
and one of the Baker type, to study the possible
effects of three-body forces on the 3N bound state
observables. The forms of the transformation
functions we choose are

gi(R) ~e™R(B +B L R+ By RY (8a)
F(R)=R +s(e R/% e R/Y) (8b)

for the rank-two and Baker transformations, re-
spectively [see Egs. (4) and (5)]. We choose the
Graz preliminary potential (GRP),** whose two-
body properties are described in Ref. 14, as the
“starting” potential, since this potential gives
approximately the experimental E; (see Sec. III).
It also fits the two-body phase shifts up to 350
MeV and yields a qualitatively satisfactory deu-
teron quadrupole moment and electric form fac-
tor.?® As with most two-body potentials that give
more binding in the 3N bound state, this potential
has a “softer” short-range (or off-shell) behavior®
than “realistic” local potentials, and a lower deu-
teron D state probability** (P,=3.7% vs 6.5% of
Reid’®). We investigate the two unitary trans-
forms, labeled GRPA and GRPB, whose param-
eters appear in Table I. We employ these trans-
formations to consider the effects on 3N bound
state properties of 3N wave functions that have
the correct E; yet not of the type that are nor-
mally obtainable from two-body forces that fit E.
Predictions for the *He and *H charge form factors
and the Coulomb energy (A E;) under these trans-
formations appear in the next section.
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TABLE I. Three-body unitary transformation param-
eters.

Potential

GRPA 2 a=0y=2.1fm™, By=Bp=0
Bi1=-1.0 fm™, B,=1.5873 fm™,
B21=0.3 fm™2, By=-1.0 fm™

GRPB" s=-3.2fm, a=1.4fm, b=1.0fm

2See Eq. (8a).
bSee Eq. (8b).

The main weakness of our starting potential
(GRP) is that it does not have a one-pion-exchange
(OPE) tail (GRP is separable). To date, there
does not exist a potential in the literature that has
an OPE tail yet predicts the precise value of Ej.
However, the one-boson-exchange model of Bryan
and Gersten,?® which has an OPE tail, gives Ep
=7.8 MeV, which is not in too poor agreement
with experiment. Reasonably one could expect a
moderate off-shell transformation of this potential
to achieve the needed 0.6 MeV binding yet retain
the OPE tail. We do not here consider the Bryan-
Gersten potential, but merely point out its exis-
tence to add credence to the starting point of our
method—that is, the necessity of starting with a
two-body potential that fits £;. We now consider
the possible influences of unitary transformations
on the 3N bound state.

III. RESULTS AND DISCUSSION

To calculate the 3N bound state properties, we
first solve the three-channel Faddeev equations
for E; and the related off-shell Faddeev ampli-
tudes, which essentially give the wave function
in momentum space before antisymmetrization.
We retain only the 'S; and ®S, +°D, interactions and
the three trinucleon channels: L=l=£=0,
S$=0,8=3; L=1=0, £=0, S=1, 8=3;L=2, 1=0,

£=2,S=1, $=3, where the notation is that of
Harper and co-workers.!'* Table II gives the
Ep values obtained in our three-channel calcula-
tions for each potential we consider and those
obtained by more complete calculations. Gen-
erally speaking, the three-channel calculations
underestimate Ez by about 0.6 MeV. Therefore,
the GRP potential, which gives E;=7.94 MeV in
the three-channel calculation, would probably give
close to the experimental value (8.48 MeV) in a
full calculation.

Once the Faddeev equations are solved, wave
functions are obtained by antisymmetrization of
the Faddeev amplitudes. From the wave functions
we can calculate electromagnetic form factors,
Coulomb energies, and other properties. A com-
plete discussion of the 3N bound state equations,
from the Faddeev equations to obtaining the form
factors, appears in a series of articles by the
Purdue group.'*?” We adhere to their notation
throughout this section. Of course, for the trans-
formed potentials GRPA and GRPB we do not have
to solve the Faddeev equations again, but merely
transform the 3N wave functions obtained from the
GRP potential.

In calculating 3N bound state properties, we re-
tain the wave function components listed in Table
III. The notation is of Harper, Kim and Tubis.*’
with the spin-isospin states Wg (S, I) listed in the
Blatt-Derrick basis.?® We operate with the unitary
transformations only on the spatially symmetric
S -state component of the wave function. One can
do this while satisfying unitarity and the Pauli
principle thanks to the exchange symmetries of the
hyperspherical transformations and of the Blatt-
Derrick state W =A (spatially symmetric, spin
isospin and antisymmetric). Of the states listed
in Table III, only state 1 (spatially symmetric S-
state with I=L =£ =0) is changed by the unitary
transformation GRPA and GRPB. This state ac-
counts for over 95% of the wave function.?

Figure 1 illustrates the charge form factors for

TABLE II. Triton binding energies.

Potential E r (three channel) (MeV) 2 E (MeV)—type of calculation
Reid (R) 6.34 6.7—Five channel Faddeev ? (Ref. 1)
7.0—Faddeev » space (Ref. 2)
de Tourreil-Sprung (S) 7.02 7.64—Faddeev v space (Ref. 2)
Graz preliminary (GRP) 7.94 8.5— Estimate
GRPAP 7.94 8.5—Estimate
GRPB® 7.94 8.5—Estimate

a0nly 'S, and 3S; +°D, interaction retained.

> GRPA and GRPB must give exactly the same E; as GRP.
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TABLE III. Three-nucleon bound state wave function
components.

Component L l L 8 r
{ 0 0 0 1 A
2 0 0 0 1 -
3 i 1 0 3 +
4 2 0 2 2 -
5 i ! 2 3 +

3He and °H for the GRP potential and the unitary
transformations GRPA and GRPB. Also included
for comparison are results for the Reid soft-core®®
(R) and de Tourreil-Sprung A'® (S) potentials—two
potentials that fit the N-N data but underbind the
triton. All form factor calculations for Fig. 1 em-
ploy the impulse approximation, the expression
for which appears in Eq. (1) of Harper et al.! For
the two-body potentials (R, S, GRP), S gives a

good fit to the 3He, *H data for ¢*<10 fm™2, while
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R slightly underestimates the experimental form
factors and GRP seriously overestimates them,
especially for ¢*>6 fm™2, Potential GRP exhibits
a typical trend for two-body forces that give the
correct E;: The trinucleon charge form factors
are poorly predicted. This trend has been cited as
evidence for three-body forces.® ® Indeed, models
GRPA and GRPB, which contain 3N forces, repro-
duce closely the good agreement with experiment
obtained by potential S, yet are more consistent
with the experimental E;. All models we consider
predict the position of the *He diffraction minimum
(g,?) too far out and the height of the second maxi-
mum an order of magnitude too low. All unitary
transformations we have tried that move in ¢,
substantially further can do so only at the cost of
ruining the low ¢* fit and none appreciably raises
the height of the second maximum. Nevertheless,
the g,? predicted by GRPA and GRPB are much
more satisfactory than that given by the two-body
potential GRP.

Of course, one could fault the above calculations
for their neglect of meson exchange currents.

1.0 1.0
A | Fen(@®) | He) (a) 3 | Fen(a®)| 3H) (b)
LR R i R
A\ —-—GRP L —-—GRP
————— GRPA ————- GRPA
(oX ]S X ——35 o1k 3 ——s
. ‘\ ceeeeeeee GRPB E ‘%\ weseeeese GRPB
L r N\
F L %
« I I
o
+ OOt 001t
g r E
—_— - L
B r
I r
0001 0001+
1 1 1 1 1 ! 1 1 1 1 | I N

_2)

q?(fm

1
2 6 10 14 18 22 26
q2(fm~2)

FIG. 1. The (a) *He and (b) °H charge form factors for various potentials and unitary transformations. The abbrevia-
tions are as follows: R—Reid soft core; S—de Tourreil-Sprung A, GRP—Graz preliminary, GRPA, GRPB—unitary
transformations of Table I applied to the GRP wave function. The proton and neutron charge form factors used in the
calculations are taken from Ref. 30. The experimental points are taken from Ref. 32: heavy dots—McCarthy et al.,

squares—Bernheim et al., triangles—Collard et al.
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Future publications®®’ 2° consider the effect of these

unitary transformations on F.,(¢%) when exchange
currents are taken into account. The authors
demonstrate that the main effect of the exchange
currents in *He is to move in the predicted q;
close to the experimental point and to improve the
behavior of the second maximum for all potentials.
For ¢*<10 fm™2 they show that GRPB gives a good
fit in He, GRPA is slightly below the *He data,
and GRP is considerably above the He data (but
not as far above as in the impulse approximation).
The exchange effects are small in ®H and do not

change the previous remarks concerning impulse
approximation results in 3H, The 3N forces are
evidently critical in simultaneously fittings E, and
Fin(q®)CH).

We calculate the Coulomb energy difference
(AE,) by evaluating the difference in the Coulomb
interaction matrix element between that of the
%He wave function and that of the *H wave function.
If the He and *H wave functions are assumed equal
(aside from total isospin projection), the expres-
sion for AE¢; becomes, in momentum space

2 © ’
a5e= 530 [ [ @dapappap s (o, 0, (LOSWE DYks', d(L1LWE3)
0

1 2(p2 I2_2 ’ —f2 ,2_2 ’ _
x f dxp, (o) 2O P pgi;')z_f"zp(ﬁf;p pp'%) 1]

© , 2 2
+ f q*dqpdpp’dp’ P (p, q, (L1)EWE; NYe(p’, q, (L1)EWS ;) Q, (‘-p—ﬁl——)ﬂ

2pp’

X (WH(S, I=5, =25 |51 27, )1 2 7,) |WE'(S, I=%, [,=+ 1), . (9)

In this expression ¢ is the bound state wave func-
tion, W¢{ are the spin-isospin functions in the
Blatt-Derrick basis,?® I and I, are the total iso-
spin quantum numbers, and 7,, is twice the iso-
spin projection of particle i. All wave functions
for the 3N bound state are coupled to total angular
momentum J =3, are independent of J,, and are
normalized by

> [ edapapluso, 0, (LI, WE50)[2 =1,

LIgLST
The second integral term in Eq. (9) (the one in-
volving Q,) is the result for point charge protons
while the first term takes into account the ex-
tended charge distributions of the proton and neu-
tron through the proton and neutron charge form
factors [f,(¢?), f.(¢#)]. The @, in the point charge
term is a Legendre function of the second kind and
has a logarithmic singularity at p=p’. We handle
this singularity by standard subtraction techniques.

Table IV gives the Coulomb matrix elements and
total Coulomb energy for each potential for both
the point-charge case and the extended proton
case. We take f,(qz) from the analysis of Janssen
et al.’® We take f,(¢%)=0; the inclusion of the
f.(g?) of Janssen et al. has a miniscule effect (less
than 0.1%) on AE.. The result of 0.580 MeV for
the Reid potential and =0.604 MeV for the de Tour-
reil-Sprung A potential are both very close to the
calculations of Gignoux and Laverne,? (0.575 MeV
for R, 0.611 MeV for S) which take into account
more three-body states.

r

We see from Table IV that some sensitivity of
AE¢ to the wave function exists in the point-charge
case. Percentage-wise, this sensitivity is some-
what less than that of E ; for the two-body poten-
tials. Nevertheless, if GRP satisfactorily des-
cribes the 3N wave function, the Coulomb energy
anomaly in 3He-H could be explained—for a point
Coulomb interaction. For the true extended pro-
ton case, however, the sensitivity of AE. is about
60-70% that of the point-charge case for most po-
tential comparisons, and in all cases AE, is re-
duced. The strong (singular at » =0) short-range
Coulomb interaction here is “smeared out” be-
coming less a probe of the short-range N-N be-
havior. Given the results for the wave functions
that satisfactorily explain the *He and °H charge
form factors (S, GRPA,GRPB), the data would
seem to favor a value of AE, =0.62 MeV —only
0.04 MeV more than the Reid value. Calculations
of Fen(4®)(He, °H) in Refs. 25 and 29 indicate that
exchange currents would change this estimate by
at most to 0.63 MeV. Eventhe wave function of
GRP, which is definitely excluded by the data,
brings AE. only up to 0.67 MeV for the extended
proton case. With an estimated possible error of
0.02 MeV due to our various approximations, our
estimate of AE; is certainly consistent with Friar!”
and Fabre de la Ripell,!®

Given the relative “stiffness” of AE. to the wave
function, especially to those that fit the electron
scattering data, a certain amount of charge asym-
metry must exist in the nuclear force. The re-



704 MICHAEL I.

HAFTEL

TABLE IV. Three-nucleon Coulomb energy difference and contributions from component

pair matrix elements.

Coulomb matrix element > (MeV)

Potential 1,1) (1,2)+(2,1) (2,2) (3,3) (5, 5) Total

Reid (R)

Point protons 0.616 —0.042 0.007 0.003 0.024 0.608

Extended protons 0.584 -0.037 0.007 0.003 0.023 0.580
de Tourreil-Sprung (S)

Point protons 0.651 -0.037 0.006 0.003 0.018 0.640

Extended protons 0.611 -0.032 0.005 0.003 0.018 0.604
Graz Preliminary (GRP)

Point protons 0.780 -0.078 0.013 0.004 0.016 0.735

Extended protons 0.686 -0.045 0.008 0.004 0.015 0.668
GRPA

Point protons 0.711 -0.074 0.013°¢ 0.004 € 0.016 € 0.670

Extended protons 0.643 -0.045 0.008 € 0.004 ¢ 0.015¢ 0.625
GRPB

Point protons 0.716 -0.074 0.013°¢ 0.004 € 0.016 ¢ 0.674

Extended protons 0.647 -0.045 0.008 ¢ 0.004 © 0.015°¢ 0.629

2 The wave function component numbers in the matrix elements correspond to the component

numbers in Table III.

b Component pairs that do not contribute to AE;, such as (1, 3) and (4,4), etc., do not appear.

¢ Exactly the same as GRP.

sults above confirm the previously estimated
amount of charge asymmetry''—enough to account
for a 0.10-0.15 MeV discrepancy in the *He-*H
energy difference. Extrapolating from the work of
Gibson and Stephenson,'? this amount of charge-
symmetry breaking (CSB) would be consistent with
aj, - a5, =5 fm or 3, = 7;,=0.1 fm. The former
eventuality is very unlikely since estimates of CSB
from the field-theoretic origins of the nuclear
force® give aj,—a;,~—1fm. The more likely
case is that 75, - 7,,=0.1 fm.

IV. CONCLUSIONS

We have calculated some of the properties of the
3N bound state with both typical two- and three-
body forces generated from the unitary transforma-
tion method described in Sec. II. The results in
Sec. III demonstrate the usefulness of the unitary
transformation method in studying the possible
role of three-body forces in the 3N bound state.
Sizable changes occur in the *He and °*H charge
form factors when one, through this method, intro-
duces alternate 3N wave functions consistent with
the experimental E, to those typically obtained by
two-body forces that fit E ;. Muchimproved fits to the
%H and ®He charge form factors occur over those

yielded by two-body potentials that fit E;. The
form factors predicted by the unitary transformed
cases (GRPA,GRPB) of the GRP potential are

quite similar to those predicted by the de Tourreil-
Sprung potential,'® which also gives satisfactory
charge form factors. The de Tourreil-Sprung po-
tential, however, gives 0.9 MeV less binding than
GRP (or GRPA,GRPB), and also underbinds the
triton by about this amount.

We also investigated the 3N Coulomb energy dif-
ference (AE.) for various 3N wave functions, in-
cluding those generated in the unitary transforma-
tion method. The Coulomb energy is not very sen-
sitive to the 3N wave functions considered if one
uses an extended proton charge distribution. Even
the extreme wave function of the GRP potential
fails by almost 0.1 MeV to explain the Coulomb
energy anomaly in 3He-*H. Wave functions favored
by the experimental charge form factor favor
values of AE; =0.62 MeV—close to those estimated
by Friar'’ and by Fabre de la Ripell'® as well as
those calculated from “realistic” potentials. Most
previous estimates of the amount of charge sym-
metry breaking in the N-N force are thereby con-
firmed in this work. Results of calculations with
exchange currents,?®:2° to be published shortly,
do not appreciably change the conclusions regard-
ing F,(¢%) and AE, in this paper.



14 THREE-BODY UNITARY TRANSFORMATIONS,... 705

ACKNOWLEDGMENTS

The author gratefully acknowledges many profitable discussions with A. W. Sdenz. He would also like to
thank W. M. Kloet and M. Rosen for helpful discussions and comments. The statements made concerning
form factor results with exchange currents are based on calculations carried out by W. M. Kloet.

!E. P. Harper, Y. E. Kim, and A. Tubis, Phys. Rev.
Lett. 28, 1533 (1972); R. A. Brandenburg, Y. E. Kim,
and A. Tubis, Phys. Rev. C 12, 1368 (1975).

%C. Gignoux and A. Laverne, Phys. Rev. Lett. 29, 436
(1972); A. Laverne and C. Gignoux, Nucl. Phys. A203,
597 (1973).

M. 1. Haftel, Phys. Rev. C 7, 80 (1973).

‘E. P. Harper, Y. E. Kim, and A. Tubis, Phys. Rev. C
6, 1601 (1972); P. U. Sauer and J. A. Tjon, Nucl. Phys.
A216, 541 (1973); N. J. McGurk, H. Fiedeldey,

H. De Groot, and H. J. Boersma, Phys. Lett. 49B, 13
(1974).

SR, A. Malfliet and J. A. Tjon, Ann. Phys. (N.Y.) 61,
425 (1970); K. Okamota and C. Pask, ibid. 68, 18 (1972);
E. Hadjimichael, E. Harms, and V. Newton, Phys.
Lett. 40B, 61 (1972).

®D. D. Brayshaw, Phys. Rev. C 7, 1731 (1973).

S. N. Yang, Phys. Rev. C 10, 2067 (1974).

8A. M. Green, T. K. Dahlblom, and T. Kouki, Nucl.
Phys. A206, 52 (1973); D. W. E. Blatt and B. H. J.
McKellar, Phys. Lett. 52B, 10 (1974).

®W. M. Kloet and J. A. Tjon, Phys. Lett. 49B, 419 (1974);
W. M. Kloet and J. A. Tjon (unpublished).

0y, K. Gupta, B. S. Bhakar, and A. N. Mitra, Phys.
Rev. Lett. 15, 974 (1965); A. D. Jackson and J. A.
Tjon, Phys. Lett. 32B, 9 (1970).

113, W. Negele, Comm. Nucl. Part. Phys. 6, 15 (1974)
and references listed therein.

128, F. Gibson and G. J. Stephenson, Phys. Rev. C 11,
1448 (1975).

13F, Coester, S. Cohen, B. Day, and C. M. Vincent,
Phys. Rev. C1, 769 (1970).

141,, Crepinsek, H. Oberhummer, W. Plessas, and
H. Zingl, Acta Phys.Austriaca 39, 345 (1974); L. Crep-
insek, C. B. Lang, H. Oberhummer, W. Plessas, and

H. Zingl, ibid. 42, 139 (1974).

I5R. V. Reid, Ann. Phys. (N.Y.) 50, 411 (1968).

18R, de Tourreil and D. W. L. Sprung, Nucl. Phys. A201,
193 (1973).

113, L. Friar, Nucl. Phys. A156, 43 (1970).

18\, Fabre de la Ripell, Fizika (Zagreb) 4, 1 (1972).

%Y, Ekstein, Phys. Rev. 117, 1590 (1960).

%G, A. Baker, Jr., Phys. Rev. 128, 1731 (1963).

UF. Villars, The Hartree Fock Approximation in Nu-
clear Physics, Proceedings of the International School
of Physics “Enrico Fermi,” Course XXIII (Academic,
New York, 1963).

M. Ristig, Z. Phys. 199, 325 (1967).

%A, W. Saenz and W. W. Zachary, Phys. Lett. 55B, 23
(1975).

%M. Eger and E. P. Gross, Ann. Phys. (N.Y.) 24, 63
(1963).

%M. 1. Haftel and W. M. Kloet (unpublished).

%R, A. Bryan and A. Gersten, Phys. Rev. D 6, 341
(1972); I. R. Afnan and J. M. Read, Phys. Rev. C 12,
293 (1975).

Y'g, P. Harper, Y. E. Kim, and A. Tubis, Phys. Rev.

C 2, 877 (1970); 6, 126 (1972).

%8G. Derrick and J. M. Blatt, Nucl. Phys. 8, 310 (1958).
29M. I. Haftel, in Proceedings of the Seventh Internation-
al Conference on Few Body Problems in Nuclear and

Particle Physics, Delhi, India, 1976 (unpublished).

07, Janssens, R. Hofstadter, E. B. Hughes, and M. R.
Yearian, Phys. Rev. 142, 922 (1966).

SE. M. Henley and T. E. Keliher, Nucl. Phys. A189,
632 (1972); M. K. Banerjee, University of Maryland
Technical Report No. 75-050, 1975 (unpublished).

2H. Collard et al., Phys. Rev. 138, B57 (1965); J. S.
McCarthy et al., Phys. Rev. Lett. 25, 884 (1970);

M. Bernheim et al., Lett. Nuovo Cimento 5, 431 (1972).



