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The cross sections for the stripping of two correlated nucleons from light and medium-mass nuclei are
considered. Such reactions are of interest both as a means for populating and identifying low-lying excited
states of very exotic nuclear species and as a potential direct spectroscopic probe of two-nucleon correlations
in such systems. A calculation scheme that combines the full shell model two-nucleon spectroscopic ampli-
tudes with eikonal reaction theory is presented. The theoretical predictions of the method, and of more
approximate schemes, are compared with new data on two-proton removélgmnThe combined full shell
model structure amplitudes and reaction dynamics predictions are in good agreement with the available mea-
surements. First indications of the sensitivity of the reaction mechanism to the spatial and angular momentum
structure of the stripped two-nucleon wave functions are also discussed and clarified.
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I. INTRODUCTION sections are of interest for two reasons. The first is the po-
Single-nucleon knockout reactions, either with-4] or tential to use two-nucleon knockout as a means for populat-
without [5-7] coincident gamma-ray detection, have now'n9 and identifying the ground and low-lying excited states

been the subject of numerous systematic studies. In partic®f €X0tc, asymmetric nuclei. The second is the potential to
lar, since their first exploratory application to the phos:phoruéjse the reaction, n add_ltlon, as a spectroscopic probe of
isotopes, in[1], single-nucleon knockout experiments with two-nucleon correlations in such exotic systems and hence to
gamma-ray detection capability have been extensively testedFSess modern nuclear structure calculations of these effects.
and are being exploited to study the single-nucleon spectrodt Nas recently been proposed that two-proton removal reac-
copy of exotic light[4,8—13 and more medium-mass nuclei tions from nuclei on the neutron-rich side of the valley of
[14-1§. They are currently being used to study both thestability, at high energy, do proceed as direct processes. The
relative and absolute single-nucleon spectroscopy ofeparation energies and nu_cleon thresholds in such systems
neutron- and proton-rich nuclél0,14—17. Recent reviews suggest very strongly that direct two-proton removal will be

of the theoretical basis and the experimental status of suc?.(i'e only.3|gn|f|can't path to bpuné[,—Z residue final states.
studies can be found in Ref2,3,13. ompelling experimental evidence was offered by both the

. ; Lo ._._measured inclusive cross section and the parallel momentum
Single-nucleon knockout reactions using intermediate

. i Y . .~ distribution of the reaction residues in two-proton knockout
energy exotic beams, and carried out in inverse kinematic rom 28Mg [21]

are fast, peripheral reactions. The residual nucleus, havingypjike” single-nucleon transfer and knockout reaction
lost one nucleon via the diffractive dissociatigelastic  gpeciroscopy, two-nucleon removal reaction theories do not
breakup or stripping (target absorptionmechanisms on a factorize naturally into a structurépectroscopicfactor and
thick, light nuclear target, is then detected in the forwardy dynamical single-particle cross section. The reaction dy-
direction with a Ve|OCity close to that of the particles of the namics and structure are now more |nt|mate|y Coup|ed and
incident beam. The technique has now been demonstrated fRe reaction amplitudes are, in general, a coherent linear su-
be remarkably sensitivg3]. Analyses of these data using perposition of many contributing two-nucleon configuration
eikonal few-body reaction theory have been shown to yielgerms, e.g.[22]. In this paper we present an original, eikonal
results of good accurady,18—2Q and to offer formal, prac-  model scheme for the calculation of the strippitigelastic
tical, and quantitative advantages over alternative direct r%reakup Component of the two-nucleon removal reaction.
action approachegl3]. This is allowing the possibility to  This approach is able to combine the two-nucleon spectro-
systematically probe aspects of effective interaction theoriegcopic amplitudes from modern shell model calculations
and correlation effects on both neutron and proton orbitalgyith the appropriate generalization of few-body eikonal-

underlying the shell model. _ based reaction theory, as has been discussed extensively for
The generalization of these techniques to two-nucleopne-nucleon knockoys,13.

knockout reactions and the magnitude of the associated cross The necessary formal deve'opments are presented in Sec.
II. In Sec. lll the theoretical predictions of the model are
compared both with more approximate calculations and with
*Electronic address: j.tostevin@surrey.ac.uk the results of new measurements of the two-proton knockout

0556-2813/2004/16)/0646029)/$22.50 064602-1 ©2004 The American Physical Society



TOSTEVIN et al. PHYSICAL REVIEW C 70, 064602(2004)

[¢;,(D) ® ¢,(2)],=~ N12<1,2|[a}1 ® a;rz]lﬂ|0>

=D, > (j1myj 2m2||M)[¢jTl(1) d’in;z(z)
mm;

- g2 (D)) )

is a normalized, antisymmetrized nucleon-pair wave function
andD =N,/ szl/V'2(1+512). So as not to complicate the
notation we will not yet show the isospin labels and coupling
explicitly. We will only finally include these into the formal-
flsm for completeness. The’' in Eq. (1) are the signed
two-nucleon amplitudes which carry the structure calculation
details; in particular, the information on the parentage and
reaction from the neutron-rich nucled@g [21]. The two-  phase of each of the participating two-nucleon configurations

nucleon spin-correlation selectivity of the reaction mechain the projectile ground state with respect to the final states
nism is considered in Sec. IV and a second application, t@f the residue.

two-neutron knockout from three neutron-deficient nuclei, is
considered briefly in Sec. V.

[, V,
T 1T,

FIG. 1. Schematic of the angular momentum couplings used i
the description of the two-nucleon knockout reaction.

B. Eikonal model of two-nucleon stripping

Il. FORMALISM We will show, fol!owing [21], that two-nucleon removal
reactions, from exotic nuclei having even a modest asymme-
Here we consider two-nucleon knockout from a secondtry (isospir) with respect to stable species, are expected to
ary projectile beam at intermediate energy. We consider thgroceed essentially as a direct reaction process. We will later
projectile as an antisymmetrizéé+2)-nucleon system and examine in detail the case of two-proton removal fréivig,
denote its many-body wave function b§(A,1,2). We do  only two neutrons away from stabf@Mg, as a particular
not enumerate explicitly all nucleon coordinates. Thusexample of this direct reaction mechanism. The direct, two-
W(A,1,2) represents the initial,(A+2)-nucleon (shell  nucleon knockout reaction mechanism is thus expected to be
mode) ground state of the nuclei of the beam. These areapplicable to studies of a large region of the nuclear chart.
assumed to carry total angular momentum and isogpamd We will calculate the dominant stripping contribution to
T, with projectionsM; and 7. Following the(assumed sud- the two-nucleon removal cross section. This is the projectile
den removal of two nucleons in a peripheral, high-speedground state average,
collision with the target, the final, antisymmetrizédbody

residual(or core nucleus will, in general, be found in one of - 1 Jd* V1S = 1S P (1 =[S, W

a number of final state®(A), with spin and isospird;, T, " 2J; + 1% O 1S =151 A =[S )

and projectionsVis, ;. 3)
A. Two-nucleon amplitudes and an integral over all projectile center-of-mgssn,) im-

) pact parameteris. Here theS; are the eikonab matriceq 18]
Quite generally, the two removed nucleons, denoted 1 ang,, ihe scattering of the two nucleots2) and of theA-body

2, must be assumed to be stripped from a set of one or MOkgsjquef from the target. Each is a function of the impact
active (and partially occupied single-particle orbitalsg;.  parameter of that constituent. TheSewill be assumed to be
These have sphericgshell mode) single-particle quantum  gnin independent. This cross section expression reflects the
numbersn(¢s)j, m. The isospin and angular momentum cou- gtrinning inelastic breakupmechanism in which the residue
plings involved are summarized in Fig. 1, where the tWojnteracts at most elastically with the target, survives the col-
active, removed nucleons will be assumed to couple to afision, and escapes to infinity; reflected h§;2. The two
intermediate total angular momentunmu and total isospin - removed nucleons interact inelastically with the target and
T,z . are absorbed from the elastic channel; as described by their
The shell model two-nucleon overlap functions of theseabsorption probabilitie$l -|S,|?) and (1-|S,]?).
two nucleons in the projectile ground state, relative 10 a e make a small number of quite reasonable, but simpli-
specified residue or core stéfteis then a coherent sum over fying anproximations. We first assume that the residue-target
all the possible contributing two-particle configurations, as g matrix is diagonal with respect to different final stafesf

W (1.2) = (D, (AW (AL,2 the residue, and that this diagonal interaction is the same as
JiMi( ) = Jfo( d JiM‘( ) that for the residue ground statdenoted=S;) for all final
=> C‘!]Ii‘]fl(|M‘]fo|JiMi)[¢11(l) ® ¢12(2)]Iw ;tatesf. This has. be(_an termed the spectator-core approxima-
e tion when used in single-nucleon knockd@sj. It assumes

1) that the amplitudes for dynamical excitation of the core dur-
ing the collision are small.
where a={n,€1j1,n,{>j,} denotes each of the available or-  We also neglect explicit recoil effects associated with the
bital pairs which contribute. In this equation heavy mas#\ residue. It follows that
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<<I>Jf/,v,;(A)||Sf|2|<pJfo(A)>: |Sc(b)|25ff,5JfJ;5Mfo,, (4) natfs of the tvl\llo rgmovgdbruclgorﬁ,tagdbr}, and the inte-
gration over all spin variables, denoted by
with b the projectile c.m. impact parameter. As we also con-
sider here only nucleon knockout from deeply bound single- . . R o .
particle states, we do not calculate other possible contribu- (‘I’Si,)wil I‘I’Si{,,):fdrlj dr2<‘1’§i,)\,|i |‘I’5i?v|i>sp- (6)
tions to the two-nucleon removal cross section, and which
we assume are small. These involve diffraction dissociation sjnce all the particle-targe$ matrices are assumed spin
processes in which one or both nucleons are dissociated frofigependent, we require only the spin average of the two-
the projectile by their elastic collisions with the target or, in n,cleon wave functions. that is
the case of one nucleon being dissociated, the second being
absorbed. 1
. . . ’ ’
Having made the spectator-core and the no-recoil approxi- ‘_22 (\Irgi,)vli|\pgi,{,|i)sp
mation, the inclusive stripping cross section is then the inco-  J,“ v,
herent sum of the contributions from each residue final state

and so, with12=(2J+1), is Loy oo
1 ‘JiszMil,uaI’,u'a’
— (f) — h < 2= () -1S.12
Tor™ 2 0= 2 U dbiSel* 2 (V31151 X1 1 IMJIM) (13 3M)
i i
X<[¢ji(1) ® d’jé(z)]l’,u,’ [¢;,(D) ® ¢,(D])sp-
X(L =[S |- (5) @

Here the bra-ket denotes integration over the spatial coordidpon using Eqs(1l) and(2) this reduces to

1 CJi;]fIC;]JJfI
2 (PR PS)sp= 2 2D D= 2 (amujampll ) (imijsmili )
N laa’ mymomympu

R N I e W e ®)

2

We will refer to terms from the first product in the last over the appropriate single-particle position coordinate. Ex-
bracket as beindirectand terms from the second product as plicitly,
exchange The general form of this spin average for each

single-particle statgwith the nucleon spins=1/2 under- . o, m _ . . 2
stood has the following multipole expansida3]: dr(L - [SP(¢), |¢Jm>sp‘k2q (i"m'keljm) [ dF(1-[S[%)
, Wi X O]
<¢JTT,1 |¢;n>sp:2 (er/kq|Jm)|:T_J(_ 1)2S+]+J _€(€O€,0|k0) <<J 1 |qu(F)|J€>>
kd i =2 (i’'m'kaljm){j"€’| Fig(D)]j €},
kq
X W(jske’ ;€] ’)uj,(,(r)ujg(r)qu(F)] (10)
_ el o : which defines the bracket§'¢’|Fi4(b)|j¢} that are now
= qu (j'm'kaljm){j" €' [Oe(NJ€)), ©) " functions only of the angular momenta indicated and the

) ) ) ) projectile cm impact parametdr. Equations(10) are com-
where theu;,(r) are the single-particle radial wave functions pyted(at eachb) by numerical quadratures over the cylindri-

and((---)) is used as shorthand for the square-bracketed €%l coordinates orFE(B 2)=(b;, ¢, ,2), measured relative to
pression. These single-particle spin averages actually enter " e

the stripping calculation as a product with their correspond?- The integral of((j"¢'|O(1]j¢)) overz can be precalcu-
ing nucleonic absorption factofd¢ —-|S;|?) and are integrated lated since the terms involving(|b+b,|) arez independent.
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Upon simplifying the remainder of the angular momen-

tum coupling coefficients we can write
1
;2 Wi A= [SPA =[S,
i M

= > 2D,D,.CH'ch g,

aa'l

% E ﬂ?[d —
— irect — exchangg

(11)
kQ K2

and where

direct= (=)' I5T2W(j1j 1j ) 5 KNj 164 Feo(b) i €1}

X{j ot Frob)]jzta}, (12

exchange= (= )2710W(jyj i) 1 KDL 505 Fuo(b)]irl1)
X{jieﬂfKQ(b)Uzez}- (13

Referring back to Eq(5), we note that the stripping cross

(f)

sectionog,, to a given residue final statg with angular

momentuml;, is now calculated using E@ll), since
(" = 2) 1 " 2
Osr = 2m dbu8c| ;E <\PJiMi|(1 _|Sl| )
i M

X (1 =[S, (14

C. Isospin dependence

The inclusion of isospin labels in E@l) and the subse-
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28Mg

FIG. 2. Energy diagram of the neutron-ridi=16 isotones
Mg, 2’Na, and®®Ne, showing the single-neutrdi) and proton
(7) separation energies for each nucleus. The diagram shows that
nondirect population of the bound states %8Re, by one-proton
removal to excited?’Na followed by proton evaporation, would
involve states high above th@nuch lowej neutron evaporation
threshold and so is expected to be negligible.

l1l. APPLICATION TO TWO-PROTON KNOCKOUT
FROM Z%Mg

It has recently been proposed that two-proton removal
from a neutron-rich system at high energy proceeds as a
direct reaction[21]. The evidence was offered by both the
measured inclusive cross section of #Be(*®Mg, °Ne)X re-
action and also by the parallel momentum distribution of the
reaction residues. The energetics of tNe=16 isotones,
shown schematically in Fig. 2, also suggest strongly that
direct two-proton(-2p) removal is the only expected route
to the observed bourfdNe final states. Different approxima-
tions to the treatment of the structure ¥Mg, within the
eikonal reaction theory, were also considered in R21].

We are now in a position to discuss and elaborate upon these.
We concentrate, however, on the guantitative description of
the integrated and partial knockout cross sections.

quent equations leads to rather simple modifications. Equa- Specifically, we consider the knockout of two protons

tion (1) becomes

V71,2 = (@7, AV 37 A(A1,2)

= > CHITTT( LI M HM) (T7Tym| Ty m)
lpaTr

X[, (1) ® ¢y, (217 (15)

where now
(6,0 ® ¢,21;=D0 2 (imuiomoll [ #7HD) 472(2)

~ ()T STV xrA1,2).

1

from Mg (0*) at 82.3 MeV/nucleon incident energy and
assume, consistent with data, that final states will be popu-
lated with 2®Ne(J™) residues in the Oground state and the
2 (2.02 MeV), 4* (3.50 MeV), and second 2(3.70 MeV)
excited state$21,24—26. The theoretical excited state ener-
gies from the shell model are in precise agreement with ex-
periment. The measured cross sections to the four final
states,oexp(Jf), are collected in Table 1.

The S matrices in Eq(14) are calculated from assumed
core and target one-body matter densities using the optical
limit of Glauber theory[13,27. A Gaussian nucleon-nucleon
(NN) effective interaction is assumddl] with a range of
0.5 fm. This calculates residue- and nucleon-tafgetatri-
ces and corresponding reaction cross sections in line with
measurements in the 50—100 MeV/nucleon energy range,

Thus, isospin introduces an additional phase factor ok.g.,[28]. The strength of the interaction is determined, in

(=)**T in front of the exchange term in E@l1), in which

the usual way[29], by the freepp andnp cross sections and

equation the two-nucleon amplitud€sare now also depen- the real-to-imaginary ratios of the forward NN scattering am-
dent onT. In addition, the final expression for the stripping plitudes, a;,, and &, The latter are, however, of no conse-
cross section, Eq14), must be multiplied by the square of quence for the calculation of the stripping term under discus-
the usual overall isospin coupling Clebsh-Gordan coefficiension, which is determined by tH&;|2. Densities of the target

(TrTere| Tim).

and the core were also assumed to have Gaussian shapes
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TABLE I. Calculated and experimental cross sections and deproximate, prescriptions discussed [i2l]. These were as
ducedeffectivespectroscopic factors for two-proton knockout from follows. (1) To consider that the four valence protons in
2\1g at 82.3 MeV/nucleon. The theoretical spectroscopic factorsZSMg are restricted to &0ds;,]* subshell configuration, but
are calculated in the uncorrelated approximatiyf, and when in- ¢ they are otherwise uncorrelat¢?) To consider the rela-
cluding the full shell model two-proton amplitude. SnandSeqx  tive strength of the final state populatior®,, based on the
are computed relative to the unit cross section for removal of arbomponents of the full shell model wave functions with the
uncorrelated @ proton pair,2,=0.29 mb. two nucleons having spits=0 and ans state of relative
motion: as would be sampled, for instance, in tpet) and

I Sinc Sexpt Texpt (Mb) Sth It (M) (®He n) two-nucleon transfer verticd83]. Here we will ex-
0" 1.33  2.45) 0.70115) 1.83 0.532 tend the latter to calculate exactly, and absolutely, that part of
o 167  0.35) 0.0915) 0.54 0.157 the two-nucleon stripping cross section arising from configu-

rations with S=0 and T=1. In this way we can obtain a
measure of the extent to which both spin-singlet and spin-
triplet pairs are sampled within the knockout mechanism.

4 3.00 2.03 0.589) 1.79 0.518
2 — 053 0.159) 0.78 0.225

Sums 6 524) 150100  4.94 1.43

B. Uncorrelated stripping
with root mean square¢rms) matter radii of 2.36 forBe

and 2.90 fm for?®Ne [30]. Extensive calculations for one-  If the two removed nucleons are assumed to be uncorre-
nucleon knockout have shown the detailed radial form of thdated, other than being bound to the same center, then the
density to be unimportant, e.g16]. cross section for removal of the nucleons from the pair of

In our complete calculations, the shell model dictates thafrbitals€¢; and{; is, neglecting spin-orbit interactions,
the removed protons are stripped from three active orbitals,
the @ds),, 0d3, and I, states. The corresponding spectro- . 1
scopic coefficientsC)”" were calculated with the code oy, :fdb|8c|2]_[ ——— > m|@ -S| €;m).
OXBASH [31] in the sdshell model space with the USD v =122+ 1y
Hamiltonian [32]. These are provided in th&NnA (two- (16)
nucleon amplitudeoutput files fromoxBAsH. The relative

phases of the amplitudes, which will be presented explicitly ) )
in Table Il for 2Mg, are based on radial wave functions Assuming therefore that the valence proton structuréty

that are positive near the origin, assuming thg)j angular is [0d5,ﬂ"‘, several resglts follow. The first is that thg galcu-
momentum coupling scheme. All radial wave functions ard@t€d (unit) cross section for removal of EOdS/ZJZ pairis,
real, and do not contain df factor used by some authors. given the model parameters,,=0.29 mb. This sets the
Whenever needed, these single-particle wave functiongcale for the anticipated cross Sectzlgn. Based on an assumed
uj(r) are calculated in a Woods-Saxon potential well with[0ds/2" ground statewith n=4 for “Mg) this predicts an
conventional radius and diffuseness parametges1.25 fm  integrated cross section ofn—1)o,,/2, or 1.8 mb, in rea-
anda=0.70 fm, respectively. The strength of the binding po-sonable agreement with the measured inclusive value of
tential is adjusted to reproduce the physical separation ent-5010) mb in Table I. However, it also follows in this un-
ergy. The experimental two proton separation energsz&g correlated limit that this cross section yigldnd associated
=30.03 MeV. No spin-orbit potential is included and thus thespectroscopic streng®,,{(J7)], for removal of a pair from a
0ds;, and @y, states are identical. Also, due to the large 0", [j]" occupied subshell, will be spread between final states
separation energy, we have not included the small correcd’, determined by the corresponding coefficients of frac-
tions to the nucleon separation energies for the energy difional parentage(j"?)vJ;,(j?)J¢|(j")0) wherev is the se-

ferences of the excited final states. niority of the state. Explicitly, we havf22]
A. Role of correlations
In addition to the fully correlated scheme developed in Sy JF=0") = n(n - 1){ 2j+3-n ] (17)
this paper, we will consider briefly the following, more ap- nest 2 L(h-DEj+1 ]

TABLE II. The sd-shell model two-nucleon spectroscopic amplitu@s (=C>) for the required
2SMg(O")HZGNe(J}T) two-proton removal transitions. The assumed phase conventions are discussed in the
text.

J E* (Mev) [0da2]? [0d5/,0ds5,] [0ds,]? [1s1/0d3,]  [181/,00s5,] [1sy/2)

0; 0.0 -0.30146 — -1.04685 — — —-0.30496
2; 2.02 —-0.05030 0.37358 —-0.63652 —-0.06084 -0.13916 —
47 3.50 — 0.33134 1.59639 — — —

2; 3.70 0.04721 -0.07248 0.85297 0.16158 0.17590 —
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nn-11|2n-2) (23+1) C. Fully correlated calculations

SindJF # 09 = 2 (n-1) 2j-1(2j+1) | Calculations with the fully correlated proton wave func-

(18) tions (using the formalism described in Seo, &re shown as
oy, (in mb) in Table I. The shell model amplitud&s’!' used

in these calculations are collected in Table Il. There is good
. _ . . N agreement of the partial cross sectiang and hence trivi-
with +EJfSJnC(J}’)—n(n—1)+/2. Th!s yields Synd0 )__4/3’ ally of the theoretical spectroscopic fact@&g, with the cor-
%nc(z )=5/3, and§,,47)=3, with %,5,,dJ7)=6 in our  responding experimental values. The calculated inclusive

Mg case, shown in Table I. This distribution fails to repro- cross section to the four bound states is now 1.43 mb, also in
duce the pattern of the measur@le partial cross sections. good agreement with the measured inclusive cross section of
When multiplied by the unit cross section they overestimatel .5010) mb [21]. It should be emphasized that there is no
both the expected(2*) anda(4") cross sections in compari- scaling or renormalization of these cross sections, which are
son with the measured(0*). Clearly the low measured cross calculated in an absolute sense. It is also clear that in this
section yield to the two 2states presents a particular prob- ?®Mg case, a significant fraction of the integrated cross sec-
lem for this very simple model. Already at this level, thesetion expected, based on tt8ds/,]* uncorrelated estimate,
results suggest that the data are expected to reflect the pres8 mb, is accounted for in the measurements to the four

ence of correlation effects. 26Ne bound states, withl; S(J7) =4.94.
It is clear from the two-nucleon knockout formalism of
Sec. Il that there is no longer a separation of the theoretical IV. PAIR CORRELATIONS

cross section into a structufgpectroscopicfactor and a unit )

cross section. It is nevertheless useful in comparing between Having performed our complete, fully correlated calcula-
calculations and data to think of cross section ratios as effedions, this section considers the importance of specific spin
tive spectroscopic factors. It is useful in the casé®g to ~ correlations of the removed proton pair. These consider-
present these effective spectroscopic factors as the ratio &i0ns, focussing on the spin-singlet knockout contribution,
the theoretical and/or experimental cross sections to the un@® facilitated by expanding the two-nucleon shell model
(uncorrelateyl pair cross sectiong,,=0.29 mb. The experi- Wave functions of Eq(2) in the LS represen'Eatlon. So, with
mental and theoretical spectroscopic fact&s, and S,  the nucleon spis=1/2 and¢;f}(F)=uj€(r)Y€m(F) understood,
listed in Table | have been calculated in this way. and showing the isospin explicitly,

[, © ¢,211=Dojslz > LSEmMy€myLANLASE|l) Xss(1,2x7(1,2)

LSAZmm,
€1 s jp
X (475, (D3 (D)~ (-)¥TH 475 (DI €2 s o - (19
L S |

It is clear that provided th& matrices are spin independent peripheral reaction will favor those configurations in which
then the stripping cross section will be an incoherent sum ofhere are significant amplitudes for finding two nucleons on
the contributions from th&=0 andS=1 spin components. the same side of the projectile. The extent to which the
knockout mechanism probes features of the wave function
distinct from the singles-wave correlations of two-nucleon

) ) transfer is therefore of significant interest.

It should be recalled that in thél'=1)-pair two-nucleon Motivated by this(historica) 's,, T=1 transfer reaction
transfer reactions, the dominant pieces of both(éHe)  selectivity, in[21] an estimate was made of these relative
and(p|®H) projectile structure vertices preferentially select spectroscopic strengths using the methodg3df. These are
(2t¢ =15, spin-singlet, relatives-state pairg33]. No such  reproduced a$(J7) in Table Ill, normalized t0S,,,{4").
structure selection rule operates in the inclusive pair absorpvery similar (approximatg strengths are achieved by an al-
tion (stripping expression, Eq(5). There are nevertheless ternative scheme, retaining tHg, component of each shell
some less specifitspatia) correlations driven by the reac- model two-proton configuration by constructing the linear
tion mechanism. It is expected, for instance, that the fastombination of amplitudes

A. Cluster removal approximations
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TABLE Ill. Calculated and experimental cross sections and ef- 1
fective spectroscopic factors for two-proton knockout friéiidg at ‘_22 <‘I’$|)v|i|(1 -8 (1 - |32|2)|‘I’5?v|i>&o
82.3 MeV/nucleon. In addition to the uncorrelatgg,, the theo- Ji7 M
retical spectroscopic factors are calculated approximately assuming _ DI S
150 two-proton relative motioiffor S andSy,) and when including - 2 2D D o, 0Ca0 €16,
the S=0 configurations exactlyfor Ss-o and osg). The bracketed aa'l
terms indicate relative spectroscopic factors that have been normal- (- )Q _
ized to the experimental*4state value. X > ?[dlrect’ - exchangg]. (23
KQ

‘];T Sinc Sl Sr,eI Ss=0 Sexp Sh ot (M) og-g (Mb)
0t 1.33 16 1.88 3.70 2B 1.83 0.532 0.484

The direct and exchange contributions are now

2t 167 014 015 026 0B) 054 0.157  0.034 direct = (=)'~ 2W(€,01 6,05 K101 Gk-od)irt1}
4* 3.00 (2.0 (2.0 (2.0 2.03 1.79 0.518 0.259 x{505/Gko®]izt2}, (24)
2, — 046 043 095 0@ 078 0.225 0.123
exchange= (=)™ 2 W(€1¢5¢,61; KD{j5¢5|Gk o(D)]j1€1}
e s sk *{j1€11Gka(d)iata)- (25)
BN = 2 11123C 00N I €1,nl2,30) €2 S - o .
a 3 0 J Similarly to the earlier derivation, in this equation the factors

{j"€'|Grq(b)|j €} are defined such that
(20) | kq |

Here(00,NJ;; J;|ny€1,n,05; ;) is the Moshinsky bracket for fdf(l - |S|2)¢;5'}',(F)¢>2}(F) => (¢'m'kglem) | di(1-|S]?)
projecting the &-relative motion of the two protons from kq

assumed oscillator single-particle wave functipds]. These X" € [P 0)
calculated (relative) spectroscopic —strengths,S,(Jf)

=|B(J;)|?, are also shown in Table Ill, once again normalized = > (¢'m’kgl¢m)

to the S,,(4"). These relative strengths suggest suppressed kq

2* state contributions, as required by the data, but treat the X{j"€'|Gig(D)]j €}, (26)

different components of the two-nucleon amplitude only ap-
proximately. As we point out below, there is no need to makewhich leads to the simplified multipole terms
such approximations and the f=0 pair contribution can

be evaluated exactly. This evaluation and the results are pre- o ) Y ¢ ,
sented in the next subsection. ORACRGIINE _\"Zr(_ 1) (€0€'0[kO)uj/¢/(r)
B. Singlet and triplet spin correlations Xujf(r)qu(%). (27)

Since the partial cross sections are an incoherent sum Qe note that the dependence on fhiabels remains only
contributions from theS=0 andS=1 pair components, We  {hrough the nucleon radial wave functions(r).

calculate the simpleB=0 contribution. We can combine sev-  The calculatedS=0 cross section componentss.o(J7)
eral of the angular momentum factors in E@9) with the f

) , are shown in Table lll, together with their associated effec-
amplitudesC,, (whereS=0, and hencé =1 will be taken, as

tive spectroscopic factors, normalized $g,,(4") for com-
parisons with the approxima®, and S,,. It is clear, how-

ol 33r s mn bs J_l ever, in comparison with the fully correlated calculations,
CA =CrjjLS) € s Jaof. (21)  that the full partial cross sections receive considerable con-
L S | tributions also from triplet-spin configurations to a state-
dependent extent. This result is extremely interesting, sug-
Hence, gesting that the two-nucleon knockout reaction can be used
to probe the spin content of the wave functions of many-
[C[ ¢, (D) © by, (2] ]se0 body structure theories and having distinctive signatures in
— the differentJf final states.
=CI'D, 2 (€amytomy|lw) To reinforce this point, it is interesting to note that within
MMy our [0ds;,]* uncorrelated estimate of Sec. Il B, whence
X Xoo(1,2) x1.(1,2) X [¢21j1(1)¢2122jz(2) EJfSJnC(J?)=6, the corresponding predicted summed
strengths, assuming tt&=0 amplitudes only, would be 2.2.
- ()T, (D72 (1] (22)  The observed integrated strength of(8)2 Table I, and the
calculated(fully correlated strength of 4.94 clarify the im-
and theS=0 component of Eq(11) is then portance of knockout of triplet-spiff,=1 nucleon pairs.
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26gj, 305 and®*Ar, respectively. The rms matter radii of the
(assumed Gaussipi\-body residues, for the calculation of
the S matrices, are 3.07, 3.17, and 3.26 fm. The calculations
were carried out at 70 MeV/nucleon. To reveal some details
of the structural sensitivity of our calculations, the fully cor-
related stripping cross sections to the first eight shell model
states of each residue are presented in Table IV. It is under-
stood, however, that in all three cases only tHeadd 2
residue final states are bound and so would be expected to be
30g populated in an experiment.
Table 1V shows the very significant extent to which cor-
FIG. 3. The analog of Fig. 2 for the neutron-defici€P?®?%  rejations, and the details of the two-nucleon amplitudes, af-
isotopes, showing the single-neutrtr) and proton(w) separation  fect the calculated? state cross sections. Examples of this
energies for each nucleus. The diagram shows that nondirect twWoyre the relative magnitudes of the cross sections to Hzn0
neutron removal to bound states#8, by one-neutron removal to 0} states in the different systems, and also the magnitudes of
excited?®S and then neutron evaporation, would involve states fartﬁe calculated cross sections to ti‘geafhd Z states between
abO\_/e_ the proton evaporation threshold and is expected to bﬁwe three different systems.
negligible. The simplest(uncorrelateg estimates for these systems
can also be carried out, as was discussed in Sec. Il B. For
V. TWO-NEUTRON KNOCKOUT 303, for example, assuming 0ds,]® ground state, then

It should be clear that the methods discussed here amySindJf)=n(n-1)/2=15, with spectroscopic factors
applicable throughout the nuclear chart. However, as ha§,,{0")=1, §,,{2")=5, andS,,{4")=9. The corresponding
been clarified, only in those cases where indirect paths focalculated unit cross section is naw,=0.162 mb, suggest-
two-nucleon knockout to the final states are ineffective, willing an integrated cross section of orderxl&,,~2.43 mb,
the stripping term considered here be expected to provide and thato(2*) = 54(0%). As we see above, iifS the calcu-
quantitative description of measured cross sections. Suchiated bound-final-state cross sections are omwty(07)
situation also exists for two-neutron knockout from nuclei=0.27 mb andry,(27)=0.22 mb, with an expected inclusive
situated on the neutron-deficient side of the line of stability.cross section of only 0.50 mb, and With(2]) = 07(07).

The reaction thresholds in the case ¥8 are shown in  This observation and the detailed analyses shown on Table
Fig. 3. It is fully expected that the two-neutron knockout |y confirm that the simple, uncorrelated nucleon-pair predic-
reaction would be direct in nature in this and similar casesjgns will, in general, be rather poor and should be used with
The appropriate energy thresholds in the cases ofthe  some caution. Unlike for the earlidig example, here the
and“"Si projectile systems are very similar. These three eXtotal two-nucleon stripping strength is distributed over a
amples are calculated and presented in detail below to digarge number of residue final state transitions, most of which

play. more generally the sensitivity of the calculated crossyre ahove the proton thresholds of the final states.
sections to the shell model structure and spectroscopy.

The theoretical inputs are essentially the same as for the
earlier Mg two-proton knockout case except that the two-
neutron separation energies for the calculation of the single A comprehensive scheme is presented for the calculation
particle states are no®,=34.07, 34.28, and 32.34 MeV for of the cross sections for two-nucleon knockout by the inelas-

34.278

VI. SUMMARY AND CONCLUSIONS

TABLE IV. Calculated stripping cross sections for two-neutron knockout fréar, 3°S, and?®si at
70 MeV/nucleon. Calculations for transitions leading the lowest eight shell nifdebnfigurations of the
32ar, 285 and?*Si nuclei are shown.

2%si—#*si(37) %05 285(a7 $Ar —FAr(Jp)

E* T E* Tih E* Oih
I (MeV) (mb) i (MeV) (mb) i (MeV) (mb)
01 0.0 0.427 Q 0.0 0.273 Q 0.0 0.260
27 2.15 0.105 2 1.54 0.223 2 2.09 0.109
2 3.74 0.124 9 3.80 0.030 2 4.21 0.095
4; 4.00 0.314 3 4.13 0.187 0 4.81 0.017
31 4.57 0.000 2 4.26 0.213 1 5.58 0.002
(04 4.66 0.002 1 4.40 0.002 3 5.61 0.281
25 5.34 0.101 2 4.78 0.039 2 5.65 0.358
4; 5.65 0.001 4 5.19 0.457 [ 5.76 0.050
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tic breakup or stripping mechanism. The framework is ableevidence that the measured two-proton knockout from a
to combine fully the shell model structure information with neutron-rich nucleus occurs as a direct reaction, thus opening
eikonal reaction theory. As an example of its application, wethe possibility of both producing and performing detailed
have investigated in detail the direct two-proton knockouttwo-nucleon spectroscopy on the most extreme of neutron-
reaction from the neutron rich nucleé®g. We have pre- rich, or in the case of two-neutron knockout, proton-rich nu-
sented the predictions of several approximations to the strugiej. The technique offers considerable promise for interro-
ture and reaction which neglect, to differing extents, the spagation of two-body correlations within  many-body
tial and angular momentum correlations present in the fulkbgicylations in these regions.

two-nucleon configuration set. The agreement of our most

complete results, which use the full shell model two-nucleon

amplitudes, and the experimental data is good. There is a ACKNOWLEDGMENTS
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