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Abstract: 

Nuclear reaction theory for (p,2p) reactions is reviewed 

in general to show ho*.* and what type of information about nuclear 

spectroscopy and nuclear reaction mechanisms (the two nucleon 

t-matrix in particular) is inherent in reaction data. The results 

of various model calculations will be shown to illustrate what 

information has been and what information might yet be extracted 

from pertinent analyses of appropriate data. 



I. Introduction 

The spectroscopy of atomic nuclei is exceedingly rich ranging 

in characteristics from that approximated by a collection of non-

interacting nucleons bound in a central field to that approximated 

by 1 vibrating liquid drop of nuclear matter. Such is the nature 

of nuclear forces that states of high spin and/or odd parity are 

not uncommon and a partial energy spectrum of 2 8 S i is shown in 

fig. 1 to illustrate the variety of states of motion in a nucleus. 

Additionally, a gedanken energy spectrum of inelastic proton scattering 

(fixed incident energy and scattering angle) is shown to stress the 

•strong' transition characteristics in this spectrum. Note the giant 

resonances that lie above the particle emission threshold. One could 

also (and should) use -/-decay rates for the decay of excited states 

to provide additional information about this energy spectrum since 

electric and magnetic multipclarities even as weak as M4 and E5 are 

now measureable with precision by one means or another. 
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fig. 1: The Spectrum of 2 8 S i 

As with analyses of 

scattering in other quantum 

systems, the prime objective of 

nuclear reaction studies is to 

ascertain the detailed 

characteristics of nuclei in 

their various modes of motion 

and excitation. To this end, 

nuclear physicists have an 

extensive set of projectiles 

and reaction types at their 

disposal ranging from the 

elastic and inelastic scattering 



of protons, deuterons, tritons, alphas, and virtually every other 

nuclear ion (at least in the form of some reasonably high charged 

state of the atom) through particle stripping and pickup (of which 

(P»2p) is a special case) to multinucleon cluster transfer reactions 

as in A(12C,a) (A + 8) reactions. Given the variety in modes of 

motion in nuclei such variety is needed; especially so since 

the precise nature of the two-nucleon t-matrix in nuclear matter is 

as yet undetermined. Of all these reactions the (p,2p) correlations 

(and (e.e'p) and more recently (ir^'p)) are of unique interest in 

that they could be a direct measure of the momentum distributions in 

the target of the ejected protons ' . Indeed, almost from the very 
2) first of such experiments ', transition data was identified by the 

dominant orbital from which that nucleon was removed. 

Precise analyses of (p,2p) data, however, requires knowledge 

not only of the multinucleon structure of the target and residual 

nucleus systems but also of the two-nucleon t-matrix responsible for 

the usual direct processes as well as of any significant competing 

reaction processes. But by being selective of reaction data for 

analysis, and in particular of the (kinematic) geometry of the 
31 correlation experiments , each of the above aspects of the (p,2p) 

reaction as well as the momentum distribution of the ejected ruclcon 

can be investigated, if not in isolation at least as a relative 

variation. For example, by taking ratios of appropriate data, 

nuclear structure variations may be minimised allowing a measure of 
4) the reaction mechanisms ' and vice versa. 

To elaborate requires a brief consideration of the theory of 

(p,2p) reactions, the type of data measured and the method of analysis 

of that data. 
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2. Theory of (p,2p) Reactions 
For simplicity, only coplanar (p,2p) reactions are considered 

being initiated by a proton of energy E. (MeV) incident upon a 
nucleus A (Z protons, N neutrons) and leading, as displayed in fig. 2, 

to two emergent protons 

M (E k ) o n e l e f t (L) a n d t h e 

Mfv V \ X other right (R) of the 
^̂ "~ — "*r-ri — ̂*- — — . ! beam direction and a 

recoiling residual nucleus 
of mass A-l (Mb)> whose 
energies and momenta 
are constrained by 
relativistic kinematic 
invariant equations. If 
required, the on-she11 
values of an intermediate 
state of the target are 

those denoted by the subscript, t. Such restriction still leaves a 
wide range of experimental arrangements at our disposal and the 
following cases are to be identified. 

MJEKX) M f E r ,M • b , c b J K b 

fig. 2: Lab. frame kinematics of the 
(p,2p) reaction 

(i) Binding energy definition (summed energy spectrum case). Such 
experiments constrain detection of the proton energies such that the 
reaction E loss is constant but not the individual emergent particle 
energies. The binding energies of protons in each orbital of the 

1 2) nucleus may then be deduced. Typical data ' ' are displayed in fig. 3. 
with the energy spectrum of proton knockout from "*°Ca shown on the top 
and the statistics with mass that result from such studies depicted below. 
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(ii) Symmetric geometry. Equal energies and angles (left and right) 

is a convenient geometry with which to measure correlations, usually 

again in the summed energy condition, and data and analyses ' for the 

case of 1 Z C are shown in fig. 4. The angle variation (6 = 9, = 6) 

ATOM* NUMBER (type (i i )) 

fig. 3: A binding energy spectrum (top) 
and mass statistics from (p,2p) 
experiments of type (i) 

coincides with a variation in momentum transfer; the zero being near 

45° (lab). The s and p orbital shape signatures are quite clear in 

both prediction and data. 

(iii) Asymmetric mode geometry and discrete state resolution. Such 

experiments epitomise the usefulness of (p,2p) reaction studies in 



too 

that controlled variation of angles and energies with resolution that 

uniquely defines the state of motion of the residual nucleus, intrinsic 

as well as trans1ational, facilitates the study of nuclear structure as 

well as of the transitions interaction. For example one could constrain 

the dynamics such that with the residual nucleus being in a given state of 

intrinsic excitation, it has zero 

momentum. Alternatively one nay seek 

correlation data corresponding to a 

constant off shell two body t-matrix 

element. A single spectrum for 1 2 C 

from such an experiment ' is shown. 

Note the existence of a */2~ state 

at 5.02 MeV excitation - it has the 
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fig. 5: Asymmetric mode 
spectrum of 12C(p,2p) 
to discrete states in 

same spin-parity as the ground state. 

Also two states, the /2~ and /2~ 

excitations, are seen. In an extreme 

single particle model of the nuclei 

these should have negligible excitation 

probability in this (p,2p) process, 

provided the reaction mechanism is 

simply that of the two nucleon t-matrix. 

It is convenient at this point to consider plausible first and 

second order reaction mechanisms. Using the ground state of the target 

nucleus as the vacuum, whence the two nucleon t-matrix between projectile 

and any target nucleon can promote a particle-hole-excitation, the 

possible transition amplitudes are shown in fig, 6. Herein particle 

(hole) states are denoted by upward (downward) arrows, with double arrows 

indicating a particle in the continuum. The topmost diagram shows the 

reaction amplitude resulting from the two-nucleon t-matrix and, with zero 

spin targets, constricts the residual state to have the angular momentum 
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fig. 6: Diagrammatic 
representations of 1st 
and 2nd order processes. 

of the ejected nucleon orbital, 

litis is also the case for the second 

order term (a) which is not included 

in the standard t-matrix insofar as 

the intermediate state spectrum is 

that of the target. The 

remaining diagrams are either 

renormalizations of the scattering 

state of the emergent particle, or 

particle and hole rescatterings 

leading to more complicated 

excitation components in the 

residual nucleus, and about which 

nothing more can be done as yet. 

2.1 The first order (direct) transition amplitudes. 

The Distorted Wave T-matrix approximation yields transition 

amplitudes of the form (antisymmetrization beinj; ignored for convenience) 

T $ = <X["}(0) xj^O).*, (2.--A) | Zt(01) !xJ+)(0) 
¥j (l...A)> 

..(*) in which x are respectively the incoming (+) or outgoing (-) condition 

continuum state wave functions. They are usually the Distorted Waves -

distorted from plane or coulomb waves by a central (optical potential) 
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f i e ld . I f a cofactor expansion of the target s tate i s Bade , namely 

then the DfcTA amplitude factorises to 

T i f } = £jm < # J f I ajm I V Z ( A ) " % 

<x[_)(0) x£ _ )(i) I Uoi) I x

( + ) ( 0 ) • j J 1U)>; 

a sura of products of nultinucleon structure factors and two partic le 

matrix elements. The multinucleon structure factors, aside from phase 

factors and Clebsch-Gordon coeff icients , involve spectroscopic amplitudes 

S(j; V f ) * * J f l ib* || *,.> 

measuring the excitation of states J-* in the residual nucleus from the 

target ground state by creation of a hole in the j-orbital. They satisfy 

a sum rule on proton numbers, namely 

Z = (2J4 + 1)"'S Z j J f | S(j; J 4J f)l 2 

whence for unique states J f 

|S(j; J,.Jf)|2 « (2J. • 1) n(j) 

where n(j) is the j-shell occupancy of protons in the target ground state. 

For the nucleus 1 2C, these occupancies as predicted by various models of 

nuclear structure are given in table 1. In the first three 

columns, the proton orbital occupancies predicted by various large basis 

Hartree Fock calculations are shown. Smaller basis multiconfiguration 

Hartrce Fock, group theoretic and standard shell model values are 

presented in the remaining three columns. Many factors notwithstanding, 

Albeit that an expansion using spherical basis particle anihilation 

operators has been used, extension to a deformed basis spectroscopy is 

but an algebraic complication * and therefore not developed herein. 
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(n*)j 
n ( j ) 

(n*)j 
PHFB PHFV PHFBA MCHF SU(3) SN 

0sV 2 

0pV2 

0 p 3 / 2 

l s V 2 

0 d 3 / 2 

0 d 5 / 2 

IPV 2 

l p 3 / 2 
0 f 5 / 2 

0 f 7 / 2 

1.97 

1.19 

2.38 

1.86 

1.30 

2.60 

1.94 

0 .96 

2 .99 

1.99 

1.02 

2.98 

2 .00 

1.33 

2.67 

2.00 

0.74 

3.27 

0sV 2 

0pV2 

0 p 3 / 2 

l s V 2 

0 d 3 / 2 

0 d 5 / 2 

IPV 2 

l p 3 / 2 
0 f 5 / 2 

0 f 7 / 2 

0.02 
0.01 

0.00 

0.02 
0 .07 
0.05 

0 .01 
0 .02 

0 .03 

- - -

0sV 2 

0pV2 

0 p 3 / 2 

l s V 2 

0 d 3 / 2 

0 d 5 / 2 

IPV 2 

l p 3 / 2 
0 f 5 / 2 

0 f 7 / 2 

0.01 
0.02 
0.17 
0 .23 

0.01 
0.02 
0 .03 
0.04 

0 .00 
0 .01 
0 .01 
0 .03 

-

-

-

Table 1: Ground state proton occupancies in 1 2C. 

the relative transition strengths of particle knockout from 12C(p,2p) 

to states of different J* are then predicted, with the two body matrix 

elements reflecting the momentum distribution of the bound state 

orbital, |+. >. 

However, the specroscopy of the residual nucleus is an important 

factor in the analyses by causing fractionation of the transition 

strength among states of the same J , and different relative fractionations 

as well. Furthermore, in so far as multiparticle-iiiultihole components 

are significant so the overall transition strength (in DWTA) is reduced. 

Such components need not be, and indeed usually are not, of the same 

significance in any two nuclear states. For the low lying spectrum of 
J 1B, the fractionation and variation between various shell modtl 

calculations arc shown in table 2. 
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V 2 " (g.s.) >/ 2 " (2.13) V 2 " (5.02) 

SMI 

SM2 

SM3 

2.77 
2.81 
2.84 

0.73 
0.73 
0.75 

0.46 
0.43 
0.38 

SM4 3.18 0.18 
— 

0.44 

Table 2: 1 2C(p,2p) uB Spectroscopic factors jS(j; 0J.)| 

The reaaining terms in the DWTA amplitudes is the two body matrix 

elements which involve three continuum and one bound state proton wave 

functions and the two proton transition operator. The evaluation of 

these matrix-elements follow from one of two general approaches, in the 
71 first of which * a model interaction is defined and, usually, the 

Distorted Waves are approximated by more manageable functions to facilitate 

calculation. The same approximations to the Distorted Waves are 

sometimes used in the second general approach, namely to use the 

factorisation (Impulse) approximation. Therein, one supposes that 

the distortion effects can be ignored during and over the range of the 
4) transition interaction. As such the two body matrix element factorises 

to 

M - ^ [ " M 0 11 (oi) | xl*hin> 

- < * ' | t (p*) |fi> <X I
(' )X^' )| x j + ) « j m > 

where 

V ' (kL - kR)/2; k = (kQ • q)/2 

and 

q = -k b = (ko - k L - k R) 

is the momentum of the struck proton in the target. Thus the off shell 

properties of the two-nucleon t-matrix scale the distorted momentum 

distribution of the bound proton, namely 
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Ij(q) » ̂ x j * I X ^ * ^ * - /exp (i q f) • J B(r) £ 

in the plane nave limit. 

For a local central force, in the (non-relativistic) plane wave 

limit, both schemes yield 

T i f 1 ) - I j . C j - S<* l Ji Jf> ^ ^ Q ^ a T q 

where Q = k 0 - k L 

and <a>. denote fourier transforms, and which clearly shows the 

different variations of structure and reaction operator with the 

correlation geometry. 

2.2 The Second Order (Indirect) Transition Amplitudes 

Discrepancies between data and the best D.W.T.A. analyses are 

not infrequent and are usually attributed to the effects of higher 

order reaction mechanisms. The most obvious would be the inelastic 

scattering of a proton Ex CMCV) 
A 

5-

0J 

^+*X] 

fig. 7: Alternate reaction channels 
for the !j" transition 

post or prior to the 

knockout. An example of 

such coupled reaction 

channels is displayed in 

fig. 7 wherein for the 

(p,2p) excitation of the 

h~ (2.12 MeV) state in 
J IB two competing 

processes to that of direct 

knockout are represented 

diagramatically. The post 

reaction inelastic 

scattering (dashed lines with 

open circles) could be 
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significant if the states in ! 1 B had a strong coupling e.g. as — b a r s 

of the same collective band of states. This is also true for the prior 

scattering amplitudes (solid lines with solid circles) but, ia addition, 

the wave functions of the residual states in 1 1 K should have 

appreciable amplitude components of the form of a (P3/-) bole in the wave 

function of the 2* state in 1 2C. The grouping (J* and centroid 

excitation energy) of the states in l , B are suggestive of this, and 

appropriate studies are in progress. 

It is other 'two-step' processes that have been of recent interest, 

namely the reaction mechanism in which the giant resonances of the target 

(sets of states of given J* located in a narrow (few NeV) excitation 

energy range and exhausting a significant fraction of the energy weighted 

sun rules) act as doorway states. Such effects in analyses of inelastic 

scattering reactions ' were most significant and recent studies of 
9) symmetric coplanar (p,2p) reactions were encouraging '. But the 

determination of the precise role of such virtual excitations awaits 

improved data since the magnitudes of the associated transition amplitudes 

have a strong dependence upon the geometric conditions. 

3. Results and Conclusions 

Not only is it impossible to do justice in a brief review to the 

work of all authors but also the data on all nuclei cannot be presented. 

Thus only the 1 2C(p,2p) nB reaction is considered as a typical example. 

a) The two-nuclcon t-matrix 

The (p,2p) reaction cross-section is sensitive in the DNIA to the 

off shell properties of nuclear forces and use of this was made by 
4) Birrcll et al. using a number of equivalent on-shcll free two nucleon 

potentials. No one stood out as a likely candidate although some could 
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be ruled out. Similarly, using a model interaction ^ defined by 

successful1 analyses of inelastic proton scattering from nuclei in 

the DKTA, results for the (p,2p) reactions are shown in fig. 8. This 
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fig. 8: D.W.T.A. calculations using diverse effective 
interactions. 

effective interaction includes a tensor force component (E-H) which 

clearly plays an important role at the large scattering angles. 

Even so the overall magnitude and peak height ratios do not agree with 

data. However, this coplanar symmetric geometry is sensitive to 

properties of the t-matrix considerably further off-shell than in 

inelastic scattering reactions. Large energy asymmetric geometries 

are not so extreme in off-shell dependences and the 98 MeV data 5^ 

analyses shown in fig. 9 are quite satisfactory. The DWTA 

with our effective interaction was used with shsll model spectroscopic 

amplitudes for the 3 / 2 " and l/2~ transitions. The 5 / 2 ~ and 7 / 2 " 

results are f-orbital knockout results but greatly enhanced over the 

maximum occupancy one could tolerate. The dashed lines are p-orbital 

knockout shapes (unnormalised) and crudely approximate the expected 

results of a coupled reaction channel calculation. But the best 
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fig, 10: Asymmetric geometry ground 
state transition data for 
an incident energy of 400 MeV. 
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P, (««./c) j 
fig. 9: Asymmetric geometry 

data (E L = 59 MeV) 
with D.W.T.A. analyses. 

information about the t-matrix should come from data such as that 

shown in fig. 10 and in particular from the data ratios of (p,2p) to 

(p,pn) transitions to minor nuclear states ' ( 1 !B and ̂ C ground 

states in this case). Using the 'on-shell' free p-p and p-n cross 

sections as scales of standard p-wave momentum distributions, the 

solid and dash curves result respectively. Even using the correct 

off-shell kinematics, our DWTA with a central local interaction (W-W) 

yields similar erroneous ratios. But again the tensor force and its 
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interference with the central local part is crucial. 

b) Nuclear Structure 

The clear distinction in shapes of most correlations shown 

heretofore not only confirm the expected angular momentum assignments 

but also are consistent (by structure) with the expected momentum 

distribution of the struck nucleons. However, to be valued tests of 

the multinucleon spectroscopy the uncertainties in the t-matrix 

elements need yet to be resolved. Suffice it to say that most results 

are consistent with the best models of structure and with those of 

complementary reaction studies e.g. the spectroscopic factors required 

to explain the 
150MeV nC(fc2p)"B(¥igs.) ,- . 3 i f , 

lzC(d,3He) reaction 

cross-sections. However, 

at select geometries the 

giant resonances in 1 2C 

could mediate indirect 

scattering amplitudes and, 

if their coupling 

strengths are large enough 

serious effects in data 

predictions would result. 

Given the optimum geometric 

conditions in the 
1 2C(p,2p) nB (ground state) 

reaction and with coupling 

strengths that were 
8) required in other contexts ', 

the correlations given in fig. 11 are predicted. Such variation should be 

clearly seen in data spanning the associated kinematic conditions but as 

yet that data does not exist. Conversely, the precise data can then be 

20 40 60 80 100 120 140 

0B (degrees) R. 
fig. 11: The effects of variation of the 

giant resonance contributions 
to indirect scattering amplitudes, 
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used to unfold the giant resonance attributes. 

0 . 20 10 60 80 100 120 V.0 
0R. (degrees) 

fig. 12: The comparison with data of 
the DWTA analyses (dashed lines) 
and the DWTA plus E3 resonance 
corrections (solid lines). 

The kinematic conditions 

in a recent experiment of 
5) the appropriate type ' are 

such that at best a poorly 

known isoscalar octupole 

(E3) resonance could 

influence analyses. Using 

the best guess we could make 

for the coupling strength, 

the non definitive results 

displayed by the solid 

curves in fig. 12 were 

obtained. 

Finally, with the 

advent of reliable 

polarized proton beams, 'new' 

experiments can be 

contemplated. The asymmetry 

of the coplanar correlations 

is one such experiment and 

the first results from TRIUMF ' on the 160(p,2p)15N reactions are shown 

in fig. 13. Clearly the asymmetries (top) are shape sensitive to the spin 

orientation of the Struck nucleon whereas the cross-sections are not. 

This unique sensitivity is also seen as a function of the scattering angle 

of one of the emergent nucleons. 
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N* lt» \H U» 
Energy (HeV) 

fig. 13: Cross-sections (b) and 
asymmetries (a) for 
?-shell knockout from 60. 

4. Conclusions 

The hope that (p,2p) reaction 

analyses will provide reliable, 

precise information of nuclear 

structure remains just that as yet. 

However, the range of geometries 

and projectile energies available 

should enable this to be achieved. 
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