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%e calculate the coupling constants C'( H-Nd) and C'( H-Nd*) by a simple method re-
cently proposed to simulate three-body vertices through spectator functions which require
effective two-body normalization. The values obtained (3.2 and 4.8) are in good agree-
ment with the recent determinations of these quantities by Plattner et al. from p + d and

P + He scattering data.

While the concept of few-nucleon vertices is
quite old, ' and its usefulness as a practical tool
for analyzing transfer reactions' is generally
recognized, it has acquired renewed significance
of late as a basic theoretical ingredient in the con-
text of rapid developments in three-body tech-
niques. ' In particular, the determination of the
three-nucleon ('He-dP, 'H-dn) couplings from the
data has come up for considerable attention in
current literature. ' The recent experimental de-
termination of the analogous 'He-d*P coupling has
opened up the interesting possibility of treating
d and d* on the same footing for analyzing few-
body scattering amplitudes in terms of these com-
posites looked upon as single entities despite
their vastly different structures (bound versus
antibound states). From the theoretical point of
view it is a more difficult task to calculate the
t-d*N coupling (t ='He, 'H; N =p, n) than t dN be--
cause of the importance of the cut contribution in
the d* case, ' a feature which tends to make the
~-d*N vertex more sensitive to input parameters'
than the ~-dX vertex. In particular, a consensus
still seems to be lacking on a reliable theoretical
estimate of ~-d*N coupling, unlike that of t-dN.

We report here a very simple calculation of
t-dN and t-d*Ã coupling constants C, C*' whose
values, viz. , 3.15 and 4.VV, are in rather good
agreement with their recent determination' (3.4
~ 0.20, 5.85+ 0.25) from the analysis of p-d and
P-'He scattering data Our me.thod, which is
based on extrapolation to the triton pole of the

(off-shell) t-dN and t-d*N form factors derived
directly from the N-d and N-d* spectator func-
tions corresponding to the triton bound state, is
expected to be much less sensitive to the cut"
contribution (especially the d* cut) than one based
on scattering amplitudes. The latter method
tends to make the ~-d*N calculation less reliable
than ~-dN, while the present method, which works
directly from the bound-state wave functions,
keeps a safe distance from the cut regions for
both the Nd and Nd* cases, thus facilitating a
parallel treatment of comparable accuracy for
both.

Now the usual price needed for a standard
bound-state calculation of vertices as overlap
integrals of the respective cluster wave functions'
is a knowledge of the normalization constants of
the relevant bound-state clusters (t, d, etc.). The
present method differs from the conventional
bound-state treatment in two respects, viz. ,
(i) we use only the N-d and N d* specta, tor fun-c-
tions' "as a means for providing an effective
two-body treatment to an essentially three-body
problem, and (ii) we use a reduced combinatorial
factor with respect to the standard treatment' to
compensate for "overestimation" of the overlap
integral through a two-body description.

This method of calculation of the ~-dN vertex,
which we shall term as the method of spectator
functions (SF), was recently proposed" in the
context of a model three-boson problem, and was
also checked against the standard bound-state cal-
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(2m)"'
y(P) = N„„~!P'+n, ') C,(P),

I Nd
(2)

G(E.) =W(P)G(P), Nua = f d qG (q) (3)

y(P ) is so normalized that the triton-pole con-
tribution to the S-channel N-d scattering cross

culation of the same quantity as an overlap inte-
gral of the ~ and d wave functions. The method
was found to work within 1(Po accuracy over a
wide range of momentum transfers, "including
the value at the pole. A particular advantage of
the SF method is that it does not require any sep-
arate knowledge of the d, d*, and t normaliza-
tions. Not only does this fact simplify the calcu-
lations enormously but the irrelevance of the d*
normalization in this treatment is also a safe-
guard against the conQicting claims in the litera-
ture on the status of d*."'"

The calculational features of the SF method,
which is basically structured in the separable po-
tential approach, are adequately described in the
existing literature' "up to sufficiently realistic
potentials. Without attempting to explain the
method anew, ' we shall merely give a self-con-
tained set of definitions and normalizations of the
relevant quantities involved. Instead of using the
origina. l spectator functions C'(P), F(P), etc
which are more convenient for the scattering
problem, we first define, in the ideal three-bo-
son case, "a modified SF, viz. G(P) = Ii'(P) G(P),
in terms of the quantity [see, e.g. , Eq. (3.18) of
Ref. 9]

W'(P) =[~ '-I (P)j(P'+n, ') ',
= fd'q a'(q)(q' + P' + &-') '(q' + ~ ') ' (1)

where 4n, 'M '=(n, ' —&&')M ' represents the dif-
ference between the triton and deuteron binding
energies. The introduction of G(P) is motivated
by the fact that it satisfies an integral equation
with a more explicitly symmetrical kernel'~ than
does G(P).' " The Ansatz of MS" now consists
in relating the &-dN vertex function y(P'), for the
three-boson ca.se, to G(P) as

section is

(do/d'A), = p„~4m 'y4( n-')(h'y n ') ' (4)

As explained in MS, the reduced combinational
factor ~2 in (2) (instead of the usual' W3), repre-
sents a sort of compensation for the overestima-
tion of the ~-d overlap integral by the modified
spectator function G(P) something analogous to
the so-called Z-factor effect. ' Such a treatment
for obtaining form factors in terms of theoretical
wave functions is no doubt approximate, "but the
extreme simplicity of the normalization, Eq. (3),
compared with conventional treatments should
progressively bring out its differential advan-
tages over the latter where the numerical com-
plexities of normalization of the entitle wave func-
tion increase rapidly with N ~ 3.

For the more realistic case of two SF's, viz.
G(P) and F(P),"representing the N-d and N-d*
channels, we can define the corresponding quan-
tities G(P) and F(P), exactly as in Eq. (3), where
the function W(P), Eq. (1), can be defined in ei-
ther case unambiguously down to the limit +&~

=0+& (note the factor q' arising from d'q). This
circumstance is particularly relevent to the N-d*
channel since the function ~~o(P) tends to be in-
sensitive to the precise pole position of d~ away
from the origin, as long as the magnitude of

l a~e I (= 0.15m, ) remains close to zero, irrespec-
tive of the "sheet" on which it lies. Our approxi-
mation merely consists in ignoring a small cut
contribution to ~qo(P) "he correction is at most
of order x lnx, x = l u~. l/n, ~rising out of a little
excursion of A&.' from the origin into the com-
plex e' plane. This fact ensures the validity of a
parallel treatment for both the functions G(P) and
F(P) in their respective bound-state regions with
comparable binding energies [(&&' —n&')/M vs

Q'q'/Ml. This is a nontrivial gain for the d* case
whose normalization no longer appears in this
mode of calculation of the t-d*N vertex, in paral-
lel with the ~-dN vertex.

With this background, we are in a position to
work out the dimensionless coupling constants
C' and C*' commonly defined in the literature, ' '
with the identifications

~'=(») 'vNd [yd ( ~ )~o l G (3~) oEd [y.'(--', o''~')'~»~ 'l

where y„(P') and y„o(P') are given by (2) and (3) with G-G and F in turn. To calculate the G and F func-
tions we have used Fig. 3 (p. 24) of SK" with the identifications G(P) =a(P) and F(P) =b(P), and worked
out their respective two-body normalizations N„„, N, .„in accordance with Eq. (3). The resulting func-
tions y„(P2), y~. (P2) are shown in Fig. 1(a). It is seen that these functions admit of fairly smooth extra-
polations to the respective poles P2 = —n,' and —~~ o,'. With the help of Eq. (4) we fina. lly obtain the
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1,5—
other hand, the square root +a», (P) of the off
skell amPlitude (P'&k') can be related to the ver-
tex function&(P'), Eq. (2), through the normali-
zation (y —y)

j(P') = p.„, '[ma», (P)(P'+ o.,')]»', (8)
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FIG. 1. (a) Uertex functions y(P2) in fm ~ vs P {in
a.z units). Curves A and B refer to yg gg(P ) and

y& ~»z (P ) extrapolated to the corresponding pole po-

23sitions -no and ——o, &, respectively. (b) Plot of
y~(P ) in fm vs P (in nq units), using Eq. (8) of text.

and its value at P' = —+,' represents the ~-dK

coupling constant. For the quantity d», (P) we

have used Fig. 2 of Rdf. 15 to plot the function
y(P'), Eq. (8), in Fig. 1(b). Its extrapolation to
the point P'= —o.',' yields, via Eq. (5), the inde-
pendent estimate C' = 3.40+ 0.05 in remarkably
good agreement with experiment' as well as the
determination (8). This result provides a quan-
titative check on the validity of the simple two-

body method' which works for'both t-dN and
t-d*N vertices while the applicability of the alter-
native (scattering) method is limited only to the
i-dX case (because of the cut on the &-d*X vertex).
It also provides added confidence in the basic
premises (including the combinatorial Ansatz) of
the new approach which seems to work well be-
yond the model three-boson problem studied ear-
lier. "

While a formal connection between the standard
overlap-integral treatment' and the two-body SF
method' "employed here for evaluating three-
body vertices still remains to be established, the
results obtained in this paper are nevertheless
encouraging enough to warrant further applica-
tions of this rather simple approach to a wider
variety of physical amplitudes involving few-body

vertex functions. In particular, the facility it pro-
vides for a parallel treatment of both d and d* as
ingredients of few-body vertices should make this
method particularly welcome as a theoretical tool
for analyzing breakup reactions which can be
viewed in terms of production and exchange of
such objects. " In the meantime, applications of
this method to four-body vertices are in progress.

For a further check on our results we have con-
sidered an alternative method for estimating the
value of C' based on a zero-energy N-d scatter-
ing amplitude, but off the energy shell. For this
purpose we note that the function G(P) for doublet
N-d scattering satisfies the boundary condition"'

G(I ) =(2~)'5(p -k)
jp2 p2

where a», (k) is the on-shell doublet scattering
amplitude so normalized that la&, I' directly
represents the differential cross section. On the
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The impact-parameter dependence of Ar A x-ray excitation in 2.5-, 4.5-, and 8-MeV
Ar-Ar collisions has been measured in a photon —scattered-ion coincidence experiment.
The excitation probability has been found to increase sharply at small impact parameters;
this effect cannot be explained by current theoretical models.

In recent years, considerable insight has been
gained in the field of inner-shell excitation in
slow ion-atom encounters. In particular, the K-
vacancy production in slow collisions lent itself
to a quantitative theoretical treatment' based on
the Fano-Lichten model. ' The basic mechanism
is found to be transfer of a, 2p vacancy via the
2pv-2pv rotational coupling into the separated-
atom K shell [process (i)]. Even in cases where
no 2pv vacancy exists prior to collision, the
basic nature of this excitation process remains
since a 2p vacancy may be created on the incom-
ing part of the trajectory independently of proc-
ess (i) by a long-ra. nge interaction [process (ii)].
Both mechanisms have been identified experi-
mentally from measurements of the impact-pa-
rameter-dependent K excitation. '4 In asymmet-
ric collision systems, 2po-1sv vacancy sharing
on the outgoing part of the trajectory transfers
vacancies into the K shell of the heavier atom;
this transition was not a subject of the investiga-
tion to be reported in this paper. A more detailed
discussion of the processes which may be in-
volved can be found elsewhere; see, e.g. , Meyer-
hof et al. ' and Meyerhof, Anholt, and Saylor. '
Because of the fundamental nature of the 2pv-2ps
rotational coupling mechanism it is essential to
obtain information on the range of applicability of

the corresponding theory. ' There are processes
other than (i) and (ii) which have not yet been con-
sidered quantitatively. An example may be di-
rect coupling of the molecular 2p states at small
internuclear separations to higher vacant states.
The search for such processes is complicated by
the fact that in total-cross-section experiments
mechanisms (i) and (ii) unseparably contribute
to the measured values. As a result, such experi-
ments allow estimates only. " Preliminary evi-
dence of processes other than (i) and (ii) has
been found in a study of the impact-parameter-
dependent K excitation in Ar-Ar collisions near
threshold. ' Because of the filled and strongly
bound Ar 2p shell, the mechanisms (i) and (ii) are
effectively suppressed at low ion energies, and
other processes may become clearly visible.

This Letter reports an experimental demon-
stration of the existence of an excitation mecha-
nism which cannot be explained within the frame-
work of processes (i) and (ii). Continuing pre-
viously reported work, ' a photon —scattered-ion
coincidence experiment was performed in a study
of the Ar-Ar collision system at ion energies of
2.5, 4.5, and 8 MeV. The experiment yields the
impact-parameter dependence of Ar K excitation,
P(p). Ar'+ ion beams of 2.5, 4.5, and 8 MeV en-
ergy from the Southern Universities Nuclear Insti-
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