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very broad range of excitation energies. The
slope of the line corresponds to about 25 MeV/
charge. Since the total mass loss is about twice
the evaporated charge (within experimental er-
ors), one obtains an average energy loss per par-
ticle of - j.2.5 MeV, which is consistent with sim-
ple estimates assuming evaporation. Of course,
we have only considered symmetric products at
angles behind the grazing angle. The situation
may be more complicated for Z's below the pro-
jectile, where there are indications that high-en-
ergy particles are emitted. "

In conclusion, the technique of simultaneous Z
identification of the major fragments is a power-
ful tool for studying deep-inelastic processes
since it directly provides the multiplicity of the
evaporated charge. The data support the view
that the dissipated kinetic energy is thermalized
in both fragments and that they dispose of their
excitation energy by evaporating light particles.
This picture seems to be valid over a broad
range of bombarding energies as evidenced by the
fact that the energy loss per nucleon does not vary
strongly as it might if nonequilibrium particle
emission became a dominant mechanism at high
energies. Thus it appears that most of the avail-
able phase space:for the intrinsic degrees of free-
dom of the fragments appears to be explored in
deep-inelastic processes.
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The large-q behavior of new elastic electron-scattering measurements from He and
He is compared with the dimensional-scaling quark model. The slope change in I'3 /

5 qU31'k for q & 2 GeV when compared to H and He is conj ectured to be evidence for scal-
ing permitting the further synthesis of nucleon-nucleon and quark-gluon physical ideas.

Kith the appearance of large-momentum-trans-
fer data on the nuclei 'H, 'He, and 'He from elas-
tic electron scattering together with measure-
ments of nucleon-nucleon and nucleon-deuteron
elastic scattering at 90' in the same range, q'
& 1 GeV, it should be possible to make signifi-
cant progress in understanding the nuclear force
and the substructure of nuclei for x 1/q 0.2 fm. '
The purpose of this Letter is to examine the new
large-q data' of the elastic form factors of 'He

and 4He in terms of the dimensional-sealing quark
model (DSQM). An impressive body of nuclear
particle reactions is described by the theory when
s, t, u»M'. ' The new helium data are not yet in
the asymptotic region but they should be interpre-
table in terms of our simple refinements to the
DSQM. '"

The principal ideas of this model are dimen-
sional scaling of high-energy amplitudes using
quark counting, leading to the prediction for the
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nucleon and light nuclei that Fz (q')' for q
»~2, and the dominance of the constituent-inter-
change force between quarks of different nucleons
to share q/A. so that, for example, the reduced
or structureless deuteron form factor f, = E„/
Ep (q'/4)=(1+q/5P') ' (q') '.' The contention
is that the quark-interchange model (QIM) dia-
gram contains the important dynamics for elas-
tic nuclear form factors at large q'. Thus it is
similar to if not the same as particular meson-
exchange-current (MEC) diagrams which are be-
ing explored currently in nuclear calculations.

It has been reported that the shape of I", and

F4„predicted from the refined DSQM was not ob-
served experimentally for 1 & q' & 2.2 Ge V al-
though the sparse data beyond q') 2 GeV' (2.25-
3 GeV ) in 'He could be exhibiting this shape. '
From the present analysis, the following results
are deduced. On the basis of a change in slope
of F,„,/F~~k for q'& 2 GeV', it is hypothesized
that scaling due to the underlying nine-quark
structure has been observed. The ramifications
of this are developed. They are (1) the determi-
nation of the mass scale, q,', for the threshold
of dimensional scaling of nuclear elastic electro-
magnetic form factors; (2) the significant im-
provement in the comparison of nuclear theory
with experiment as in Fig. 3; and (3) the first
evaluation utilizing large-q' reactions of the
wave function densities at the origin, g,„(0)/

'(0, 0).
The refinements to the DSQM have been de-

scribed. 4 For the explicit nucleon-dinucleon
structure in Fig. 1(a), we have FsH, ™F~(q'/9)
xE„(4q'/9)[1+q'/v P'] '. The approximate sign
allows for the normalization as well as nonlead-
ing terms which have been omitted. P'(0, 0) for
the three-nucleon structure will be evaluated
phenomenologically in Eq. (6). An alternative
chain model for 3A —1 transfers of momentum
has been developed with an underlying mass scale
M, '(n) = nd8' where the constant P'= 0.235 GeV'
has been set by the measured pion form factor.
An example of this diagram is given in Fig. 1(b).
Calculation of the leading term for the underlying
three-nucleon structure yields the prediction
(hereafter EQ/M),

qa q2 1 q2 1

F3H~ FP 9 +9 PR +27P2

with two quark interchanges of q/3. ' Partitioning
q in the chain model, Fig. 1(b), yields the pre-
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FIG. 1. Different views of the 3He form factor at
large q 2: (a) constituent-intercha~&e model with ex-
plicit nucleon-dinucleon substructure; (b) democratic
chain model; (c) off-shell nucleon-nucleon-nucleon
scatterixg; (d) off-shell nucleon-nucleus scattering.

diction which can be approximated as

E.„-(1 q'/9P') '. (2)

As required, these three predictions are asymp-
totically consistent with dimensional counting,
E,„, (q') '. Similarly E, can be described as
a skeletal four-nucleon structure, n-'He, d-d,
or chain of twelve quarks.

The expressions for the nuclear form factor in
Eq. (1) and nucleon-dinucleon above should be re-
lated to meson-exchange currents in nuclear
physics calculations. However, the origins of
these approaches are entirely different; for ex-
ample, here one employs Bjorken scaling, dimen-
sional counting, quark identification for the quan-
tum fieMs, and finiteness of the bound-state
wave function at the origin.

The three predictions for 'He are compared
with the data which has been observed to fall off
approximately exponentially, I', = 0.03e "",
with a reduced y~ of 1.03 for 0.8 & q & 3.0 GeV .~'
Evidence for the validity of the model is the q~ in-
dependence of the ratio of experiment to theory.
Although scaling can be clearly ruled out for 1
& q'&2 GeV', beyond 2 GeV' there is a flattening
out in 'He as in Fig. 2. This effect is observed
for the three predictions. We conjecture that this
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FIG. 2. Form-factor data for H, He, and He com-
pared to quark- or constituent-interch~~~e xnodel pre-
dictions in Ref. 4 [Eqs. (37)—(39)] and Eq. (1).
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change in slope is evidence for the onset of scal-
ing in 'He for q & 2 GeV' and shall explore the
consequences.

In Fig. 2 the elastic form-factor data are dis-
played for the three basic atomic nuclei~H,
sHe, and ~He, compared to the extended DSQM
prediction, e.g. , Eq. (1) for 'He. The observa-
tions are a change in slope followed by scaling
for 2H beyond q' 1 GeV with an "asymptote" of
0.15, the change in slope and conjectured scaling
for 'He with a normalization of 0.010 to 0.015,
and the rapid falloff for 4He, which is the nearly
vertical solid line, out to the boundary at 1.8
Gev'. This leads to the first new result, namely
that the onset of scaling given by the democratic
chain model, F„-(1i q'/nP')' " with nP' = 0.7,
1.4, 2.1, and 2.8 GeV for A=n/3 of 1, 2, 3, and

4, respectively, is a reasonable working guide.
That is, the q threshold for scaling is

qo'- 0.71A GeV'. (3)

+&A+ +Q&M'

Next the scaling hypothesis for I 3, can be
utilized in the comparison between nuclear theory
and experiment at much lower q'. A nonrelativis-
tic impulse-approximation calculation, the Reid
soft-core potential used as input to the Faddeev
equation, ' is displayed by the dashed curve in
Fig. 3. The well-known discrepancies at q'& 1
GeV' are the diffraction minimum at 0.53 GeV
instead of the experimental observation at 0.45
GeV' shown by the vertical arrows, and the fac-
tor of 3 underestimate in the height of the secon-
dary maximum. I augment F& A by the QIM result
of Eq. (1) (with the normalization from Fig. 2),
that is,

lo-6 l

2

q2 (GeVj2

FIG. 3. He form factor compared to nonrelativistic
impulse approximation (IA) and IA augmented by the
quark-interchange model.

y„+p+ (n+p)- p'+ (n'+p') (5)

and, for example, y„+p+d-p'+d' using elastic-
scattering data for np-np, pp-pp, and pd-pd

The further assumption that the QIM amplitude
is negative will require future theoretical con-
firmation. This will be possible when fully covar-
iant calculations which include the quark-inter-
change diagram are carried out. Meanwhile one
can argue that this choice of sign relative to the
impulse-approximation amplitude should be the
same for the charge form factors of 'H, 'He, and
'He. Indeed this choice is in the right direction
to improve the agreement with experiment in each
case. The results displayed in Fig. 3 by the solid
line indicate improved agreement with experi-
ment everywhere beyond 0.35 GeV including a
shift of the minimum down to 0.46 GeV' and sec-
ondary-maximum increase of 18(Po. With the ob-
vious caveats that relativistic and other refine-
ments to I IA could be large, nevertheless it is
clear that EQiM for 'He of the magnitude and q
shape deduced here could be supplying the miss-
ing ingredient to nuc1ear theory.

Next the calculation of the normalization of
E3H

in th e cont ext of the refines limen siona 1

scaling is described. If the 'He form factor is
asymptotic in the limited sense of Fig. 2, then
the relativistic bound-state wave function P,„3He
(x, y) can be estimated at x„and y„=0.' One cal-
culates the amplitudes for
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for s, t, u»M'. Using the diagram in Fig. 1(c)
gives

61 ~(m,2)T,~(m,2)T,q,„,m,
3H& F (qt2) (6)

where the T-matrix amplitudes for NN scattering
at large t and 0=90 can be reduced (see Eq. 28
of Bef. 5) and

T„„(t)/E„m(t/4) = 320 + 60 (7)

q„'(0)/q„,'{0,O) =1O' Gev-',

and the same ratio in the nonrelativistic limit
(NB) is

(9)

(lo)=5300 Ge V ' = 41 fm'.
C.„(0,o) .,

It has been noted that $„(0)I NR is comparable in

order of magnitude to the wave function of soft-
core potentials. '

The ratio in Eq. (10) can be examined in the
hierarchy of composite systems, i.e., six- vs
nine-quark states, single-nucleon distribution
in proceeding from 'H to 'He, and at the nuclear
level of A. = 2 compared to A. = 3. Calculations of
structured graphs of these 3A-quark states will

by averaging over the np and pp elastic-scattering
cross sections. The extrapolation off shell is
made as previously for &,(q') = & (t = -', q', ~,') and

T,(q') =T(t=q/9, %~'), where K,'= —,q' and K,'
= ~mq . Double counting of the middle nucleon in
Fig. 1(c) is removed by F„', the nucleon form
factor in Eq. (6), evaluated at q" =q'/9. In Eq.
(6), there are six time-ordered diagrams like
Fig. 1(c), I'(q')&(SIT,')-%, ', b, (9R,')-K, ', and

(q )'F,
H

can be estimated using the large-q'
limit from Eq. (1) with Fig. 2. Dimensional
counting of the right-hand side of Eq. (6) gives
(q') ' as required.

In the absence of large-t pd elastic-scattering
data at 8-90; the amplitude in Fig. 1(d) can be
evaluated using Eq. (7) in its off-shell form, to-
gether with I'&, the deuteron form factor. ' This
contribution to E3 is much smaller than from

He
Eg. (6). The result from substituting the off-
shell values of T and the estimated asymptote of
F,„,into Eq. (6) is

'(0 0)-3&&10 ' GeV' (8)

within characteristic sizes &x,&y-l/q~=0. 1

fm. The equivalent nonrelativistic result, using
g„R'(0, 0) (2M)'g'(0, 0), is approximately 1 && 10 '
GeV'. The ratios of g' for the deuteron and 'He

are more certain; the relativistic result is

require explicit use of the quark flavor, spin,
and color degrees of freedom. " A comparison
of Eg. (10) with contemporary wave functions gen-
erated from one-boson-exchange potentials for
'H and 'He would be interesting. A plausible yet
very simple comparison with Eq. (10) at the nu-
cleon level would be a constant-density model
for internucleon distances to x, p 2/q~, „-0.2
to 0.3 fm. In this severely overlapped or inter-
penetrating configuration of nucleons, the result-
ing ratio of probabilities is determined to be

s (0)/~(0, o) - lo'.

The large repulsion in adding a single nucleon
to the overlapped N-N system presumably re-
flects the strong underlying N -N repulsion at
short distance. At the quark-constituent level
this repulsion could be attributable to the in-
creased number of fermion degrees of freedom.
The consideration of the result of Eq. (10) at the
nucleus level is to inquire whether possibly the
charge or matter distributions reflect this ratio.
The rms radius for a N-N pair extracted from
such a comparison yields a~-2.4 fm and a
-2.2 fm, which is not greatly different than that
from very small-q' results. The significance of
these results in Eqs. (9) and (10) may extend to
astrophysics as well.

For a final comment, inelastic electrodisinte-
gration data for e+'He e'+X at large q' and x
=q /(2M„v)-1 will be useful, when available, to
compare with I',„.Continuity of the elastic and
inelastic structure functions is predicted by par-
ton-model analyses. ""

In summary, the ratio of the measured 'He form
factor to the shape predicted by the quark-inter-'
change model, F, ,/Eo~M, changes slope for q'
& 2 GeV, which I have interpreted as the onset
of dimensional scaling. The ratio E4H, /Eo&M
drops rapidly with q' = l.8 GeV. ' This investiga-
tion has led to the new results, as summarized
by Eqs. (3), (4), a.nd (10), which should be im-
portant guides in the synthesis of nuclear physics
and quark-constituent ideas.
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The application of the distorted-wave Born approximation (DWBA) to inelastic scatter-
ing is examined. Particular attention is given to the 0+ Ca system. The one-channel
optical-potential wave function is found to be an adequate representation of the entrance-
channel relative motion. The choice of exit-cha»el distorting potential DWBA is found
to be crucial and a procedure to choose it correctly is discussed.

A recent Letter' emphasized the superiority of
coupled-channels (CC) calculations to convention-
al distorted-wave Born-approximation (DWBA)
calculations for the inelastic scattering to the low-
est 2+, 3, and 5 states of ~'Ca by an "0pro-
jectile. The analysis of Ref. 1 showed that a con-
ventional DWBA fails to describe the 5 data,
whereas a CC analysis succeeds, even though the
coupling of the 5 to either the 3 or the ground
state is weak. The success of the CC calculations
was attributed to a more accurate treatment of
the elastic-scattering wave function by the ex-
plicit coupling of the important inelastic channel
(the 3 of 'Ca) to the ground state.

Such a feature, if general, would have profound
consequences for heavy-ion-induced-transf er
calculations since, even for a one-step transfer
process involving nuclei with moderate inelastic
collectivity, a CC calculation of inelastic scatter-
ing would be required in order to obtain an accu-

rate description of the relative motion.
Fortunately, it is possible to view the results

of Ref. 1 from a significantly different perspec-
tive, one in which the failure is not of the DWBA
but only of what is called (in Ref. 1) the coneen-
tiona/ DWBA (i.e. , one in which the elastic-scat-
tering optical potential is used as the exit-chan-
nel distorting potential). This conventional pre-
scription, however, is clearly incorrect for
many applications. We shaQ conclude from a di-
rect comparison with the CC wave function that
there is no serious problem associated with the
adequacy of a one-channel optical-potential de-
scription of the elastic-scattering wave function.
Rather, the error in the conventional DWBA is
in the choice of the exit-channel distorting poten-
tial. In particular, this Letter will focus on the
exit-channel distorting potential within the DWBA,
and demonstrate that the distorted waves of the
entrance and exit channels often must be calcu-
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