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Coincident proton emission induced by 200 MeV protons on 1 Au
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Coincident cross sections were measured for the reaction Au(p, p'p") at an incident energy of
200 MeV. The protons emitted from the continuum were detected at primary laboratory angles of
—40, —50', and —60, for secondary angles ranging between 20 and 150'. The theoretical model
which was used to interpret the coincident spectra describes the reaction mechanism in terms of
a quasifree nucleon-nucleon interaction between the projectile and a bound target nucleon, folded
with a probability for emission of the quasifree knocked-on nucleon after inelastic rescattering ofI' the
residual target nucleus. The validity of the distorted-wave impulse approximation which describes
the initial quasifree interaction was confirmed by measuring the quasifree knockout of valence-orbital
protons from Au. The measured coincident continuum cross sections were then compared with
model calculations for primary proton energy cuts around 90, 70, and 40 MeV. The reasonable
agreement found between the calculated and measured cross sections indicates that the signature of
quasifree scattering persists in the continuum emission from a nucleus as heavy as Au, and is not
obscured by multiple scattering effects.

PACS number(s): 24.10.—i 25.40.—h

I. INTRODUCTION

During the mid-1960s it was discovered that a pre-
equilibrium reaction mechanism plays an important role
in the interaction of energetic nuclear projectiles with
atomic nuclei. Subsequently considerable progress has
been made towards an understanding of the underly-
ing physics, lead. ing to a satisfactory formulation of the
quantum-mechanical multistep theory [1]. These theo-
retical advances originated kom numerous experiments
which explored mostly inclusive reactions. A small num-
ber of measurements of coincident-particle emission from
excitations corresponding to the preequilibrium process
are also available, but the required theoretical formula-
tion still needs to be developed to the same degree of
sophistication as that which applies to the modeling of
inclusive data.

Analyses of experimental data obtained for inclusive
reactions indicate that the description of the interac-
tion in terms of successive statistical multistep nucleon-
nucleon collisions appears to be sound. Furthermore, the
coincidence type of experiment suggests that the initial
nucleon-nucleon interaction can be viewed as a quasifree
interaction and that the two nucleons then act as intranu-
clear projectiles which generally undergo further inter-
actions as they traverse the nucleus. Thus, by varying
the kinematic conditions appropriately, the expected fre-
quency of subsequent collisions can be adjusted in the co-
incidence experiments to lead. to characteristic features in
the observed angular correlations. This was investigated
by Cowley et al. [2] and Ciangaru et al. [3] for ssNi at

100 and 200 MeV, respectively.
The theoretical analysis developed by Ciangaru [4] is

based on the same general ideas as those of Feshbach,
Kerman, and Koonin [5], which find wide application in
the description of inclusive reactions. However, in previ-
ous applications of the Ciangaru theory, simpli6cations
have been introduced to make calculations tractable, and
the validity of some of these is more easily judged for a
light target nucleus such as C, which was studied ex-
tensively by Pilcher et al. [6].

The present work is an investigation of the reaction
Au(p, p'p") at an incident energy of 200 MeV, and

was performed to determine whether the ideas regard-
ing the reaction mechanism extracted from earlier ex-
periments on C [6] and Ni [2, 3] also extrapolate to
a heavy target nucleus. Some of the results presented
in this paper have been published [7], but considerably
more experimental data are now available, together with
a more refined analysis. As expected, this work confirms
our earlier conclusions, and the expanded analysis allows
us to present quantitative information on various aspects
of the reaction.

For the purpose of comparison with theory, the exper-
imental data are divided. into two groups according to
the most likely reaction mechanism for each set. Data
corresponding to a missing mass of less than 10 MeV
would not be expected to involve an appreciable degree
of inelastic rescattering during the process of quasifree
knockout. Therefore, energy sharing spectra are gener-
ated for these data; the reaction is treated as a purely
quasifree knockout and is denoted as is Au(p, 2p) Pt.
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On the other hand, coincidence data corresponding to
a missing mass of greater than 10 MeV are indicated
as the reaction ~s Au(p, p'p") to emphasize the theoreti-
cal inclusion of inelastic rescattering following the initial
quasifree interaction. Thus the selection of ejectile ener-
gies and the way in which the cross sections are presented
serve to display selectively the features which are most
characteristic of the two reaction mechanisms.

The experimental details of the investigation are pre-
sented in Sec. II, the theory is summarized in Sec. III,
and the calculations are described in Sec. IV. The re-
sults, with a discussion of the implications, are given in
Sec. V. Finally, in Sec. VI we provide a summary and
draw our conclusions.

PROTON BEAM

TO BEAM STOP

II. EXPERIMENTAL PROCEDURE

The experiment was performed at the cyclotron facility
of the National Accelerator Centre. A detailed descrip-
tion of the layout of the facility and equipment is given
in Ref. [6] and references therein.

The energy of the extracted proton beam was 200+ 1.0
MeV. The estimated energy spread of about 100 keV was
negligible compared with the 1 MeV energy resolution of
the NaI detectors used in the experiment. The beam was
focused to a spot size of less than 2 x 2 mm at the target
center of a 1.5 m diameter scattering chamber.

The target was a high-purity (99.9%) gold foil of thick-
ness 4.02 + 0.10 mg/cm and with a uniformity of better
than 0.5'Fo/mm. Four double-element detector telescopes
were mounted in the same horizontal reaction plane on
stands bolted onto two movable arms in the scattering
chamber. The coplanar configuration of the detector
setup consisted of one "primary" detector telescope (Tl)
and three "secondary" detector telescopes (T2—T4) on
the opposite side of the beam as illustrated in Fig. 1.
Each detector telescope consisted of a 1000 pm Si sur-
face barrier (EE) detector followed by a 76 (diam) x
127 mm NaI(T1) stopping (E) detector. Both the pri-
mary and the secondary telescope T2, which were po-
sitioned in the most forward direction with respect to
the beam, were equipped with active collimators as de-
scribed in Ref. [6]. Additionally, all detector telescopes
were shielded by 55 mm thick brass collimators (thick
enough to stop 200 MeV protons). Solid angles ranged
between 1.6 and 1.8 msr. The angles between telescopes
T2 and T3, and between telescopes T3 and T4, were
50.00 +0.05 . To reduce the incident flux on the surface
barrier detectors of low-energy electrons from the target,
8 pm thick Kapton foils were placed over the front holes
of the brass collimators.

The linear and fast timing signals were processed with
standard fast coincidence electronics. An on-line com-
puter system enabled event-by-event data processing and
storage for subsequent ofF-line analysis. Conventional
AE-E techniques were applied for charged particle iden-
tification.

Energy calibrations of the four Si detectors were car-
ried out with collimated alphas obtained &om a Th
source. The NaI detectors were calibrated according to
the kinematics for the elastic scattering of protons from
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FIG. 2. A typical two-dimensional summed-energy spec-
trum (above) and energy-sharing spectrum (below) showing
coincidence events. The quasifree knockout locus is visible in
both plots. Selected regions of the spectra are speci6ed by
gates as indicated and are projected onto the energy axis of
the primary and secondary proton as described in the text.

PROTON BEAM

FROM ACCELERATOR

FIG. 1. Coplanar target and detector geometry inside the
scattering chamber.
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TABLE I. Sets of primary Op and secondary Og coinci-
dence angles.

—40
—50'
—60

20, 40', 70, 90', 120, 140'
50', 100', 150
60'

carbon and hydrogen in a thin polythene target. The
beam direction was determined to within 0.1' by mea-
suring elastic cross sections of scattered protons from
a carbon target at forward angles on both sides of the
beam. Possible gain drifts in the photomultiplier tubes
of the NaI detectors were corrected by monitoring a LED
pulser system, which also enabled corrections for elec-
tronic dead time to be made.

The correction for the NaI detector eKciency was
based on the empirical formula of Green et at. [8] and
differs by about 5%%uo from values for the reaction tail
obtained by Measday et aL [9] and from those quoted
in the Janni tables [10] for 200 MeV protons in NaI.
To correct for contributions from random coincidences
in the prompt coincidence time peak, integrated events
in one purely random peak in the measured coincidence
time distribution were subtracted from the events in the
prompt time peak.

Coincident energy spectra were extracted from two-
dimensional energy histograms. An example of a two-
dimensional summed-energy spectrum and the corre-
sponding energy-sharing spectrum are shown in Fig. 2.
Also indicated are the gated regions selected to obtain
spectra of projections onto the energy axis of the pri-
mary and secondary proton, respectively. The primary
0~ and secondary ep angles at which data were collected
are summarized in Table I.

If it is assumed that all systematic uncertainties are
uncorrelated, an estimate of the total systematic error is
less than 10%. Important contributions to the experi-
mental systematic error are as follows. The uncertainty
in the thickness of the Au target is approximately 3'%%uo.

The solid angle is assumed to be accurate to within l%%uo.

The overall energy uncertainty over the entire range re-

suits in a combined uncertainty of about 4% in the abso-
lute cross sections. Further uncertainties are introduced
by the setting of particle identification gates and timing
gates. Together with an uncertainty in the correction for
NaI crystal losses, the total error in the particle identi-
fication procedure is estimated to be less than 5%. The
systematic error introduced by the subtraction of random
coincidence events is less than 3%. Estimated uncertain-
ties due to the beam current integrator, due to electronic
dead time, and due to contributions to the relevant re-
gions of the two-dimensional energy histograms from slit
scattering ofF collimators, are estimated to be less than
2'%%uo.

III. THEORY

The theoretical analysis is based on the assumption
that the formation of continuum spectra is initiated by a
quasifree interaction between the projectile and a bound
target nucleon resulting in two energetic particles. This
process is then further treated as a doorway process for
continuum emission through multiple scatterings.

A. DULIA analysis

The cross sections for the initial quasifree knock-
out interaction were calculated with the computer code
THREEDEE [11],which is based on the distorted-wave im-
pulse approximation (DWIA) formalism as described by
Chant and Roos [12]. As details of the specific aspects
in the DULIA theory which are used in the present calcu-
lations are discussed elsewhere [12—14], we shall present
only a brief summary of the theory here.

The calculations which are performed with this model
are based on the general expression for a knockout reac-
tion A(a, cd)B where A = B + 6 and c is the quasifree-
scattered projectile a after an interaction with the bound
particle b, which is emitted from the target nucleus as
particle d.

The triple differential cross section for such a reaction
can be expressed as [14]

= C S K ) ) (2L+ 1)' (LASgoI,
~

JM) D', (R,) D' „(R~d)
II 2J~+1 2S +1

I IIpa p pg ~M &a&c& &d&g &b+

xT, „, (o od~t~o orb)
LA

where t S is the spectroscopic factor for the final state
in B, L is the relative angular momentum of b and B
(projection A), J~ is the angular momentum of the tar-
get [12], J is the angular momentum (projection M) of
particle b, 8, are the spin quantum numbers with pro-
jections p; and o., for particles i = a, 6, c, d (as defined
by Chant and Roos [14]), and t is the two-body operator
for the free N-% scattering process as obtained from the

impulse approximation. The primes denote the relative
directions of propagation of particles a, c, and d which
are de6ned as follows: the unprimed z axis is along the
beam direction while particles c and d propagate paral-
lel to the z' and z" axes, respectively. K is a kinematic

1
factor and D' are rotation matrices which describe the
transformation of spin projections from n to m through
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a rotation B, of the respective set of axes for particle
i, into the reference set of axes of the beam direction
defined by particle a.

Due to the binding energy of the struck nucleon, the
two-body t-matrix is half ofF shell [15). Chant and
Roos [12] approximate the t matrix by interpolating on-
shell %-K phase shifts for two different prescriptions [15]
of the total center-of-mass energy E, . In the final en-
ergy prescription (FEP), E, is the relative center-of-
mass energy of the emitted particles c and d in the exit
channel, whereas the initial energy prescription (IEP)
requires selection of the relative center-of-mass energy
E, of the incident particle a and the struck particle 6 in
the entrance channel. The scattering angle is the same in
both prescriptions. Although it has been demonstrated
that ofF-shell efFects have no severe influence on qualita-
tive characteristics of cross sections at incident energies
above 100 MeV, these efFects become more important at
lower energies [16—18].

B. Coincident continuum emission model

In order to study the mechanism of the coincident pro-
ton emission from Au we chose two distinct regions in
the two-dimensional preequilibrium energy spectrum as
displayed in Fig. 2. One region corresponds to protons
which are mostly knocked out without undergoing further
explicit rescattering from the residual part of the target
nucleus. These measured quasifree (QF) particles carry
energies which are determined by the energy conservation
condition corresponding to the initial knockout interac-
tion of bound valence protons from the ~ Au(p, 2p) Pt
reaction. Below the quasifree region lies the major part
of the reaction strength. We assume that this second re-
gion contains coincident particles which have lost some
of their energy mainly through inelastic rescattering ofF
the residual nucleus after the primary knockout collision,
also referred to as the "doorway" stage. Although these
efFects would be included in a distorted-wave analysis by
means of the imaginary part of the optical potential for
the outgoing particles, such a prescription does not give
a full account of the preequilibrium part of the spectrum.

Ciangaru [4] has thus proposed a three-body approach
to the multiple scattering direct reactions which lead to
continuum spectra. The physical ideas behind this ap-
proach are extensively discussed elsewhere [3, 4]. The
validity of the model has recently been demonstrated in
the interpretation of the C(p, p'p") reaction induced by
200 Mev protons with a refined version of the model [6,
19]. Except for some minor difFerences in the unfolded
components of the total continuum emission cross sec-
tion which will be discussed later, the model used in the
present study is essentially the same as applied by Pilcher
et aL [6].

A schematic representation of the model is given in
Fig. 3. A projectile p with energy E' undergoes a
quasifree collision with a bound nucleon inside the target
nucleus and is detected as p with energy E and at a
scattering angle O with respect to the beam direction.

E.

FIG. 3. Schematic illustration of the reaction mechanism
for proton continuum spectra from Au(p, p pb) The e. n-

ergy dissipation of the projectile p is studied by means of
the protons p I and pq which are detected in coincidence and
their energies are measured as E ~ and Eq at the scattering
angles 8 ~ and 0t„respectively. Details in text.

As a result of the collision, the bound nucleon recoils at
an angle Ob and carries an energy Eb. It undergoes fur-
ther interaction with the residual nucleus and eventually
the secondary proton pb is detected in coincidence with
the primary proton p at an angle Ob and with energy
Eb. A convenient additional simplification to the model,
as pointed out by Pilcher et at. [6], is that the incident
proton p is detected as p after an initial quasifree col-
lision without any further interaction. This assumption
can be considered to be reasonable if the scattering angle
O is in a forward direction with respect to the beam di-
rection. Furthermore, a relatively high energy E would
minimize any further scattering probabilities of p

It is furthermore assumed that the multiple scattering
process which the struck quasifree particle pb initiates
is replaced with a probability for scattering the parti-
cle through an angle Ob' ——Ob —

Ob in order to detect it
as pb with energy Eb at an angle Ob. DifFerent assump-
tions were made previously to express the total inelastic
scattering probability. Ciangaru et al. [3] scaled it to
the total inclusive preequilibrium cross section for inelas-
tic scattering ofF the residual nucleus. However, in the
present study we substitute the total inelastic cross sec-
tion with the reaction cross section o ~(Eb), as previously
suggested by Pilcher et aL [6]. By using the reaction
cross section, we argue that all reaction channels of the
nucleon-induced reaction should be included in the in-
tegrated yield. The probability for inelastic scattering
is therefore interpreted as a fraction of all the possible
inclusive reaction strength.

The coincident continuum cross section for the reaction
(a, a'b) is then written as [6]:
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d4cr (O E ObEb)

dO~t dObdE~I dEb dB dO'bdE aR (Eb) d (Ob —0'b) dEb (2)

where the cross section of the initial quasifree interaction,

dsa~ (O E ObEb)

dn. .dn'bdE. .

is calculated with distorted waves for the protons p and
@~I and plane waves for the struck nucleon pb. Plane
waves are used for the knocked-out nucleons because the
distortion that these particles experience is included ex-
plicitly in the subsequent multiple scattering which even-
tually leads to the emission of the secondary proton.

The quasifree cross section is summed over the index A

which represents participating valence states in the tar-
get nucleus from which bound nucleons are knocked out,
leaving the residual nucleus B in quantum state o, .

For events to fall onto the quasifree locus, the energies
E and Eb of the quasifree particles p and pb corre-
spond to values which are determined by energy conser-

I

vation:

E i+Eh ——E +EP —e —E~

where Ep is the binding energy of the nucleon which is
knocked out of the target orbital corresponding to the
index A, e is the excitation energy of the residual nucleus
in the quantum state o., and E~ is the recoil energy of
the residual nucleus.

Further contributions to the observed yield that were
included in Ref. [6] are the knockout of neutrons in the
initial step, and an out-of-plane component to the proton
continuum. These are refinements to the original model
of Ciangaru [4].

By including explicitly the quasifree scattering of both
protons and neutrons in and out of plane, the contin-
uum cross section for coincident protons detected in the
reaction plane then becomes [6]

d 0. (O E ObEb) )dO dObdE dEb
N

)- d'~~. (O- E- ObEb&)
dO dO'bdE

d2 inel
( E EI )

o~ (Eb) d (Ob —0'b) dEb (4)

where the sum over % indicates the separate evaluations
for the initial knockout of protons and neutrons, P is the
out-of-plane angle of the knocked-out nucleon, and p is
the angle between the struck nucleon and the secondary
proton detected at an angle Ob. The solid angle element
dAb of the integration is expressed as [6]

dO'b = sin Ob dOb dp .

The angle p is de6ned as

cos t' = cos P cos (Ob —Ob)

(5)

(6)

IV. CALCULATIONS

A. Quasifree knockout

In order to judge whether the DWIA provides an ap-
propriate description of the initial nucleon-nucleon in-
teraction in Au, calculations of the quasifree knock-
out of bound protons were performed for the reaction

Au(p, 2p) Pt to discrete final states. These calcu-
lations were then compared with experimental energy-
sharing distributions extracted from the data for missing-
mass values up to 10 MeV. Discrete knockout of valence
protons should be energetically favored, but these are not
resolved experimentally (see Fig. 2).

The triple differential cross section for a quasifree
knockout reaction as expressed in the DWIA by Eq. (1)
is calculated by THREEDEE. The distorted waves of the
incident proton and the two quasifree scattered protons

TABLE II. Spectroscopic factors t S and binding ener-
gies of the valence proton and neutron states in Au.

Protons Neutrons
(Binding energy 5.8 MeV) (Binding energy 8.1 MeV)

State C'S State C S

1k~~/2
3$y/g
203/2
285/2

10.3
1.6
2.6
5.4

1~13/2
1kg/2
2f7)2
161~/g

11.2
8.0
6.4
9.6

were generated from spin-dependent optical potentials.
In order to test the sensitivity of the DWIA with regard
to distorting optical potentials, results with parameters
from Nadasen et aL [20] were compared with calculations
which utilized parameters of Madland [21]. The Madland
potential is valid for incident nucleon energies between
50 and 400 MeV, and is derived from the potential of
Schwandt et al. [22].

The bound-state wave function is the eigenfunction
generated by THREEDEE by adjusting the depth of a
Woods-Saxon potential to reproduce the given binding
energy as the eigenvalue. Representative bound-state pa-
rameters were taken from Chant et al. [14], viz. , radius
parameter B~ ——1.25 fm, diffuseness a~ ——0.63 fm, and
spin-orbit well depth Vso ——5 MeV. An average value of
5.8 MeV [23] was taken as the binding energy of a valence
proton in Au. Relative spectroscopic factors for the
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proton removal &om the 2d3y2, &dsy2, and &hzqy2 states
were taken &om results obtained by Langevin-Joliot et
al. [24] for the pickup reaction i Au(d, sHe)i9sPt. A
component from the 3s&~2 state was included to have the
same relative occupation probability as the average of
these three states (see Table II).

B. Coincident continuum emission

The cross sections for the initial quasifree interaction

dsoq~ (0. E 0bEbp)
dO~~ dObdE~I

as required in the convolution integral [Eq. (4)], were
calculated in a similar way to those for the knockout to
discrete states. The distributions of the nucleons which
initiate further interactions in the recoiling nucleus are
therefore based on the DWIA-predicted cross sections
for the Au(p 12p) and i Au(p, pn) reactions. The in-
tranuclear nucleons are described by plane waves, while
distorted waves represent the incoming proton and the
scattered primary proton. The applicability of the DWIA
in calculations of quasifree neutron knockout cross sec-
tions has been demonstrated by Watson et aL [25] on
(p I pn) coincidence data from two Ca isotopes measured
at an incident proton energy of 150 Me V.

The neutron knockout distributions are assumed to be
dominated by contributions &om the four valence neu-
tron states liisy2, 1hsy2, 2fyy2, and 1hiiy2 in Au. An
average binding energy of 8.1 MeV [23] was adopted for
the bound neutrons. The respective spectroscopic fac-
tors for these states were assumed to be 80% of their
sum-rule values which correspond to the average occu-
pation probabilities of the proton states as summarized
in Table II. Results for the neutron knockout cross sec-
tions with optical-model parameters of Nadasen et al.
were compared with those obtained with the Madland
set. In the case of the Madland potential, the neutron-
nucleus potential is obtained by including both a Lane-
model assumption and a Coulomb-correction term in the
corresponding real central proton potential [21].

The DWIA cross sections obtained with the two dif-
ferent sets of optical potentials differed by 20—30% in

I

the predicted proton and neutron yields. As these differ-
ences are not considered to be significant in the context
of the emission model, only the distributions based on
the Nadasen potentials were used in the complete model
calculations.

As a simplification to the model we assume that the rel-
ative contributions to the out-of-plane cross sections are
related to the distribution at the secondary angle where
the calculated coplanar knockout yield reaches a max-
imum. An out-of-plane quasi&ee scattering component
is thus included in the cross section by simply scaling
the in-plane contribution with this relative out-of-plane
distribution.

The calculations of the convolution integral given by
Eq. (4) were then carried out by substituting the expres-
sions for the quasi&ee knockout and the inelastic cross
section with analytic functions. The angular distribu-
tions for the knocked-on nucleon were parametrized by
fitting polynomials f(0b) and k(P) to the in- and out-of-
plane cross sections, respectively. The out-of-plane con-
tribution was taken into account by multiplying the in-
plane distribution f (0b) by a dimensionless scaling factor

&I~oI-, where k(0) is the maximum in-plane cross section.
The inelastic scattering cross section of the bound nu-

cleon emerging &om the initial quasi&ee interaction with
the residual nucleus,

d2 spinel(+E EI )
d(Ob —0'b)dEb

'

is described with the phenomenological prescription of
Kalbach [26]. These parametrized angular distribu-
tions were normalized to the experimental data for the
is7Au(p, p') reaction, as described in Ref. [27]. As ex-
perimental is~Au(n, p) data are not available in the re-
quired incident energy range, absolute normalizations for
this reaction were based on angle-integrated (n, p) yields
predicted by the geometry-dependent hybrid model code
ALICE [28]. Reaction cross sections o.~(Et) for normaliz-
ing the calculated inelastic cross sections were obtained
from the pararneterization of Silberberg and Tsao [29] for
the (p, p') and (n, p) reactions on is Au.

For the exclusive reaction i Au(a, a'b), Eq. (4) is then
written as

d4o . g (Eb, Eb)= 2Kdg, dflbdE, dEb - sinh [g (Eb, E,')]
2m m/2

d+inel (E E& ) 1

dEb or (Eb)

(p) f (gg )
g(Rs, R )cos psco (8 sos)sdpdgl

k (0)

where g(Eb, Eb) is the modified slope parameter in the
Kalbach phenomenological prescription (see Ref. [27]).

inel
The angle-integrated cross sections d& correspond to
the normalizations required for the Kalbach parametriza-
tion of the inclusive angular distributions as described
above. The factor r is used to normalize the calculated
continuum emission cross sections to the experimental
data.

V. RESULTS AND DISCUSSlON

A. Results for Au(p, 2p) Pt

Experimental cross sections as a function of the pri-
mary proton energy for the quasi&ee knockout of protons
from unresolved discrete valence states up to a missing
mass of 10 MeV are shown in Figs. 4 and 5. In Fig. 4 we
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140

'Au(p, 2p)~'Pt, 8, = —40; 8 = 40'
I I I I I I I

TABLE III. Summary of the primary 8~ and secondary
Os proton angles for the valence-state knockout calculations
of "Au(p, 2p) Pt with required normalization factors F

100—
4)

80-
I
I
III

60-

40-

20-

—40'
—50
—60'
—40'
—40
—40'

40'
50'
60
20
70'
90

0.46
0.4
0.35
0.5
0.5
0.38

0 I I I I . I I

0 20 40 60 80 100 120 140 160 180 200

Primary proton energy (MeV)

FIG. 4. Energy-sharing cross sections for the knockout of
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Table III.

display the relative contributions to the quasifree knock-
out cross section from the four valence proton states
in Au (1hiiy2, 3si~2, 2dsy2, 2ds~q), with spectroscopic
factors as given in Table II and an overall normalization
as listed in Table III, together with the sum of the contri-
butions. The data in Fig. 4 indicate that an occupation

probability for the 38qy2 proton state comparable to those
of the other states has to be included. This differs from
the pickup reaction studies of Langevin-Joliot et al. [24]
where negligible strength of the 3s~~q state was found.
Our results nevertheless seem to be reasonable, since at
this near-quasifree angle pair (—40', 40') the cross sec-
tion is sensitive to low momentum components of the
wave function of the bound proton. It may be argued
that due to the large momentum mismatch in the pickup
reaction studied by Langevin-Joliot et al. [24], that reac-
tion is not a sensitive probe of the 38~y2 strength. The
effect of changes in the spectroscopic factor of the 38&y2
state is found to be less significant at the other angle
pairs, as might be expected when larger recoil momenta
dominate the cross section.

There is good overall shape agreement between the
DWIA calculations and the experimental distributions
shown in Fig. 5. The differences between the DULIA cal-
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culations which were performed for the final energy pre-
scription (FEP) and the initial energy prescription (IEP)
are generally found to be insignificant. The calculations
shown are for the FEP, except at (—40', 20 ) where the
results of both the FEP and the IEP are presented, since
the largest diQ'erence between the two prescriptions is
found here. The possible importance of oK-shell efFects
in the evaluation of the two-body scattering in the DWIA
formalism could serve as an explanation [6] for the dis-
crepancy in the forward region. The only other signifi-
cant discrepancy is at (—40', 70 ). The reason for this is
not obvious.

With regard to the choice of the specific optical-model
potential used to generate distorted waves, the qualita-
tive di8'erence between the two sets of calculations is
found to be relatively small. While the required nor-
malization factors summarized in Table III indicate that
the DWIA cross sections calculated with the Nadasen
potentials overpredict the experimental results roughly
by a factor of 2, the calculations based on the Madland
potentials reproduce the experimental cross sections to
within 30%%uo. This relatively large change in the abso-
lute cross sections is probably related to modifications in
the absorptive part of the central potential and to ex-
trapolations of the optical potential to energies below 80
MeV and above 180 MeV which are the cutoB values for
the range of validity of the Nadasen potentials.

The fact that the required normalization factors re-
main constant to within 20% is a further indication
of the consistency of the DWIA calculations in predict-
ing quasifree knockout data. In contrast, previous stud-
ies [30,31] on lighter targets yielded spectroscopic factors
which increase with increasing scattering angle. These
angle-dependent spectroscopic factors indicate inadequa-
cies in the DWIA treatment. Whittal et al. [32], for ex-
ample, relate the angle dependence of extracted spectro-
scopic factors to the inability of the DWIA to predict the
high momentum components of the distorted momentum
distribution. In these previous studies spectroscopic fac-
tors were obtained for single selected states, whereas in
the present work the valence states were not resolved.
The inadequacies of the DWIA description for a single
momentum distribution might be obscured by the in-
clusion of the distorted momentum distributions for the
other participating states, as the contribution from each
state has a maximum at a different set of angles.

We conclude that the DWIA has the ability to pre-
dict quasifree "Au(p, 2p) knockout cross sections consis-
tently. The DWIA formalism, together with the relative
occupation probabilities, was therefore assumed to be an
appropriate description of the initial quasifree knockout
process between the incoming proton and a bound va-
lence nucleon in the continuum emission model.

B. Results for as~Au(p, p'p")

Before presenting the results of the complete calcu-
lation given by Eq. (7), we shall test the validity of
the assumed reaction mechanism in a more intuitive, if
less precise, way. It consists of simply overlaying the

Au(p, p'p") coincidence data with arbitrarily normal-

ized inclusive ~9~Au(p, p') spectra. This procedure has
been successful in the previous studies [3, 6] on coinci-
dent continuum emission from Ni and C. It implies
that, after the initial quasifree interaction, the struck nu-
cleon interacts with the residual nucleus just as if it were
an external projectile with an incident energy equal to
that which was transferred to it in the quasifree inter-
action. If we assume that the major yield of quasifree
knocked-out protons originates from valence states (say,
up to a missing mass of 10 MeV as selected arbitrarily
in our experiment), and that the residual target nucleus
remains in the ground state with a negligible value of less
than 1 MeU of the recoil energy, Eq. (3) reduces to

E +Eb ——E +Eg, (8)

where Eg corresponds to a proton binding energy of 10
MeV. The energy E of the quasifree proton which is de-
tected as the primary proton p, can thus be selected to
give the required energy Eb' of the struck proton, which
is to be regarded as the subsequent "projectile" in the
residual target. Appropriate energy cuts were performed
around energy values of the primary proton of SO, 70, and
40 MeV, giving intranuclear projectile energies of 100,
120, and 150 MeV, respectively, which were specifically
chosen to correspond to available inclusive Au(p, p')
data [27]. These cuts ranged +8 MeV around the aver-
age values of 90 and 70 MeV and +6 MeV for the average
value of 40 MeV.

For the intercomparison of scattering angles between
the coincident emission data and the inclusive data, we
need to make a drastic assumption (which is not made in
the complete calculation to follow), viz. , that the yield of
quasi&ee knocked-out particles is su%ciently peaked in a
particular direction 0& (see Fig. 3) that it is meaningful
to speak of an average angle ob' between the "beam" of
intranuclear projectiles and the angle at which the sec-
ondary proton is detected.

In Fig. 6, a set of continuum emission cross sections at
a range of secondary proton emission angles Ob has been
overlayed with inclusive (p, p') spectra. The scattering
angle 0„~ of the inclusive data (indicated in parentheses)
has been chosen in each case to give the best match to the
shape of the coincidence data. No emphasis is placed on
the absolute magnitude of the spectra as the check merely
indicates to what extent the coincidence cross sections are
proportional to the inclusive data at the chosen scattering
angles.

The significant result of this comparison is that the ap-
parent direction 4 of the intranuclear projectile, i.e. , the
direction of the knocked-on proton, varies by no more
than +10 from the average direction indicated by L.
This value is obtained by merely subtracting the inclusive
scattering angle 0„&om the detection angle of the sec-
ondary proton Ob. The shape dependence of the energy
distributions on the emission angle of coincident protons
from the continuum is thus consistent with there being
an initial quasifree interaction, followed by rescattering
of the struck nucleon.

The results from this simple comparison of experi-
mental spectra support the applicability of the proposed.
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model in the energy and angular range chosen for the con-
tinuum emission calculations of Au(p, p'p"). In order
to perform the complete model calculation, DWIA cross
sections were calculated to estimate the contribution of
quasifree knocked-out protons and neutrons. In-plane
proton and neutron distributions were obtained from the
quasifree (p, 2p) and (p, pn) knockout reactions, and were
calculated for three primary proton energies of 90, 70,
and 40 MeV at two primary angles of —40 and —50 .

Corresponding out-of-plane contributions were deter-
mined at the maximum secondary proton and neutron
yields. Representative DWIA distributions which were
calculated for primary protons of 90 MeV at an angle of
—40 are shown in Fig. 7. Spectroscopic factors of the
relevant states were kept constant and correspond to the
values which were required to Bt the experimental cross
sections for the discrete (p, 2p) knockout as described in
the previous section. The almost equal strength of the
calculated proton and neutron knockout yields illustrates
the importance of including the contributions from neu-
tron knockout in the assumed reaction mechanism as was
also concluded by Pilcher et al. [6].

Complete calculations of the coincident continuum
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FIG. 6. Coincident continuum emission cross sections of
the reaction Au(p, p'p") at a primary proton energy of 70
MeV are shown at a primary scattering angle of —40' as a
function of the secondary proton energy at secondary scatter-
ing angles Hb as indicated. Statistical error bars are shown
with the experimental data. Arbitrarily normalized inclusive
spectra of the reaction Au(p, p') induced by 120 MeV pro-
tons at scattering angles indicated in parentheses are repre-
sented by the continuous curves. Differences between these
angles and Ob are listed under A. Note the displacement fac-
tors for the purpose of display.

emission cross sections, as expressed by the convolution
integral in Eq. (7) for the reaction Au(p, p'p") induced
by 200 MeV protons, are displayed as solid curves to-
gether with the experimental measurements in Fig. 8.
The calculations were normalized by a single factor K for
each set of data at a given primary energy E and angle
0

The qualitative agreement between the model calcu-
lations and the experimental coincident cross sections is
exceptionally good, considering the wide range of geome-
tries covered. In general the shapes of the spectra are
only weakly dependent on primary energy E and angle
0 . For the forward secondary angles Op up to about 70',
the spectra all reveal rather flat cross sections except at
the primary energy cut of 90 MeV. Here, the observed
enhancement in the yields above a secondary proton en-
ergy of about 80 MeV measured at the secondary angles
of 20 and 40' is likely to be due to contributions from
collective states, which are not included in the theoretical
model. As the detection angle of the secondary proton
increases, all the energy distributions are characterized
by an exponential falloff and a decrease of the absolute
values. This feature is in agreement with the inclusive

Au(p, p') spectra measured at similar scattering an-
gles and incident energies [27]. In the coincidence mea-
surement, the dissipation of the projectile energy is how-
ever tracked explicitly. The theoretical treatment of this,
i.e. , folding the distribution of quasifree knocked-out nu-
cleons with an expression for possible further rescattering
of the struck nucleons off the resid. ual nucleus, follows this
trend remarkably well.

The model calculations indicate that the second. ary an-
gle range (20 —40') accounts for the bulk of the measured
coincident continuum yield, where contributions to the
secondary proton channel from inelastic rescattering be-
tween the struck nucleon and the residual nucleus are
assumed to be minimal. As the detection angle of the sec-
ondary proton increases to beyond this region, relatively
more emitted protons will have been subjected to sub-
sequent multiple scattering. The qualitative features of
the spectra are found to be consistent with results which
were obtained under similar experimental conditions for
ssNi(p, p'p") by Ciangaru et al. [3] and C(p, p'p") by
Pilcher et al. [6].

However, the theoretical model underpredicts the co-
incident continuum emission cross sections severely. The
normalization factors which were obtained are larger
than those obtained in the above-mentioned studies [3,
6] on lighter systems. On the other hand, if the simplic-
ity of the model is considered these results are not too
surprising. Despite the inability of the coincident con-
tinuum emission model to reproduce the absolute cross
sections satisfactorily, it clearly has the predictive power
to describe the proposed reaction mechanism in terms of
a simple convolution integral over a wide range of angles.

We have checked the accuracy of our assumption of a
major in-plane contribution which scales d.own in phase
space as a function of a relative out-of-plane distribution.
For two specific cases, at primary energies of 90 and 40
MeV for a primary angle of —40, the out-of-plane con-
tributions were explicitly calculated, as in the analysis by
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Pilcher et aL [6]. These more rigorous calculations change
the normalization factors by 20% and 10%, respectively.
Consequently, we are satisfied that our approach yields
results which are within the expected uncertainty of the
model.

The observed trend of increasing normalization factors
with decreasing primary energy E has the following
possible explanation. In the applied model, the descrip-
tion of the reaction is simplified by assuming that the
projectile becomes the primary proton in the exit chan-
nel of the quasifree proton-nucleon doorway process. Al-
though the DWIA predictions for discrete (p, 2p) knock-
out have shown that the initial process of a quasifree
proton-nucleon interaction can be applied with con6-
dence over a wide angular range, the attenuation effect of
the nuclear medium on the primary proton is restricted
to the optical potential which generates the correspond-
ing wave function. Additional inelastic scattering con-
tributions to the primary proton channel are excluded
from the model for the sake of simplicity. Ciangaru et
al. [3] omitted the multiple scattering chain of the pri-
mary protons on the grounds of having selected relatively
high-energy protons. The inclusion of data at relatively

low primary energies (e.g. , 40 MeV) in the present study
therefore extrapolates this model to energies where mul-
tiple scattering can be expected to be important.

A further uncertainty in the calculated cross sections
for coincident continuum emission which affects all the
results is related to the treatment in the initial step of a
quasifree neutron-knockout process and the subsequent
inelastic (n, p) scattering. Although experimental (p, pn)
cross sections have been interpreted successfully in terms
of the DWIA [25] doubt has been expressed regarding the
ability of the geometry-dependent hybrid (GDH) model
[33] to predict absolute inelastic (n, p) cross sections for
neutron energies above 100 MeV [34], which are required
for the present analysis. However, the uncertainty affects

inel
only the angle-integrated cross section && in Eq. (7), as
the shape of the (n, p) angular distributions is determined
from the more reliable Kalbach parametrization [26].

Despite the inability of the model to predict the abso-
lute cross sections, which we believe to be mainly the re-
sult of excluding contributions from multiple scatterings
to the primary proton yield, satisfactory shape agree-
ment between the theoretical and experimental distribu-
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tions has been found. These comparisons indicate that
the quasi&ee scattering mechanism, which has been pro-
posed to describe the initial process of a proton-induced
coincident continuum reaction, plays a significant role in
determining the correlations in energy and angle of the
emitted particles. Although multiple scattering eKects
seem to play an increasingly important role as the se-

lected primary proton energy decreases, they do not ob-
scure the signature of quasifree knockout entirely, even
in kinematic regions which do not favor such a mecha-
nism. By relating the correlation between the two mea-
sured protons to the simplified continuum emission model
of Ciangaru [4], we have shown that even for a nucleus
as heavy as Au the reaction mechanism for proton-
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induced continuum cross sections is dominated by the
initial quasifree collision of the projectile with a valence
nucleon.

VI. SUMMARY AND CONCLUSIONS

Au(p, 2p) and Au(p, p'p") coincidence cross sec-
tions induced by 200 MeV protons were measured. The
former notation refers to quasifree knockout, and the lat-
ter refers to coincident emission involving larger missing
mass (assumed to arise from an initial quasifree interac-
tion, followed by inelastic rescattering). In the analysis
of the i97Au(p, 2p) Pt data, all those events were se-
lected which mainly originate from the quasifree knock-
out of bound protons to experimentally unresolved dis-
crete states of Pt up to a missing mass of 10 MeV.
Quasi&ee knockout contributions from the lhii(2, 3si)2,
2d3 j2 and 2d5y~ proton orbitals were added incoherently
in the DWIA calculations. The ratio of spectroscopic fac-
tors used to sum the calculated cross sections was chosen
to be consistent with the occupation probabilities of these
states as found by Langevin-Joliot et al. [24] except for
the occupation probability of the 38&y2 state which had
to be increased to account for missing strength at the
quasifree angles of (—40', 40 ).

We found no significant efFects relating to inadequacies
of the on-shell approximation [15] for two-body scatter-
ing in the DWIA treatment. The DWIA reproduces the
experimental discrete knockout distributions reasonably
well but overpredicts the absolute magnitude of the cross
sections by a factor of 2 based on an average occupation
probability of 80% as suggested by Langevin-Joliot et
al. [24]. This trend in the spectroscopic factors is in line
with related DWIA calculations which have been per-
formed by Samanta et al. [35] for Ca(p, 2p) K and by
Cowley et al. [36] for C(p, 2p) B. Consequently, the
DWIA theory may be used with confidence to model the
quasifree doorway process in the continuum emission of
'"Au(», A ").

Cross sections for Au(p, p'»i") were interpreted in
terms of a model described by Ciangaru [4], which has
been tested in a simplified form in other studies [3, 6]
by expressing the cross section as a convolution integral
of a quasifree knockout distribution and. the cross sec-
tion for the inelastic interaction between the struck nu-
cleon and the residual nucleus. As previously found [6]
for C(p, p'p"), the contribution to the coincident con-
tinuum proton yield induced by a knocked. -on neutron
in the initial interaction, was shown to be significant.
Uncertainties in the required theoretical predictions of
neutron-induced proton emission could be reduced with
the measurement of inclusive (n, p) and (p, n) data to-
gether with exclusive (p, pn) data on neutron-rich targets,
which do not presently exist at these energies.

Although the calculations had to be normalized, their
shape agreement with the experimental cross sections
is acceptable throughout. These normalizations are
much larger than were found. in similar studies at an

incident energy of 200 MeV for Ni(p, p'p") [3] and
C(p, p'p") [6]. A possible explanation could be that

any contributions to the continuum yield from multi-
ple scattering of the primary protons inside the residual
nucleus following the initial quasifree knockout process,
are excluded from our version of the continuum emission
model. While the values of the normalization factors re-
main almost constant with primary and secondary angles
at the primary proton energies of 70 and 90 MeV, an in-
crease of these values is found for a primary energy of
40 MeV. Although there are doubts about the validity of
the continuum emission model when the primary proton
is detected with a low kinetic energy, it has been shown
that the model of Ciangaru [4] is generally applicable to

Au(p, p'p").
The inferred importance of a single proton-nucleon col-

lision in the interaction of a 200 MeV proton with nu-
clear matter, with a relatively high probability of both
partners in the collision emerging from the nucleus, sup-
ports the conclusions of the recent (e, e'p) measurement
of Garino et al. [37]. Their results imply a significantly
longer mean-&ee path than previous calculations based
on the free %-N cross section had suggested.

The present study has therefore demonstrated that
interpretations and conclusions regarding the reaction
mechanism of preequilibrium reactions drawn from the
analysis of inclusive spectra alone, cannot necessarily be
regarded as a complete approach to understanding the
underlying physics. The quasifree scattering mechanism
has often been discarded in models describing the for-
mation process of the continuum on the grounds of the
absence of clear signatures in the spectra of heavier nuclei
(e.g. , Refs. [38, 39]). Multistep direct [40—42] and single-
step [43, 44] calculations have indicated however that an
appreciable amount of the continuum emission originates
from the first step. Although the aforementioned stud-
ies neglect contributions from two-particle emission, this
study nevertheless illustrates the importance of a three-
body breakup process at an incident energy of 200 MeV.
By folding the single step of quasifree knockout with the
subsequent stages of energy dissipation in the target nu-
cleus, a relatively simple model qualitatively reproduces
the coincident proton cross sections.

For quantum-mechanical multistep direct theories, the
present study emphasizes the desirability of extending
the expression of the first step to account for contri-
butions from two-particle emission which result from a
quasifree knockout process. A further challenge for these
theories would then be to reproduce exclusive spectra
which have been used in the present study, to confirm
the role of an initial quasifree knockout process as a pre-
cursor to the emission of preequilibrium particles above
the threshold of a three-body breakup process.

We thank C. J.- Stevens and V. C. Wikner for their
assistance.
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