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Results of single-neutron knockout experiments fréii>Si at 72 MeV and from3’S at 6 MeV on a
Be target are reported. The final states in the reaction residues have been identified by measaysn
coincidence with theA—1) fragments. The results are compared with predictions based on the many-body
shell model combined with eikonal and transfer-to-the-continuum reaction models. FOB##Si,>*Si
+ y) X reaction, the measured parallel-momentum distributions of the reaction residues demonstrate the orbital-
angular-momentum assignments-2, 0, 2 to levels at 0, 1.010, and 4.32 Mé&topted valuesThe measured
absolute spectroscopic factors exhaust a large fraction of the sum rules for N fulQ) sd shell. We also
give results for the absolute and relative positions of the parallel-momentum distributions and present experi-
mental and theoretical results for the complex spectra of *Be(**Si,3*Si+ y)X reaction. The measured
inclusive cross section of 10B9) mb agrees well with the theoretical value of 98 mb, but more detailed
conclusions are not possible. For the inclusive reactBa(’S,*%S)X a cross section of $92) mb is found
compared to the theoretical prediction of 85 mb where only final states with spectroscopic factors greater than
0.03 have been included.

DOI: 10.1103/PhysRevC.65.034318 PACS nunier21.10.Jx, 24.10-i, 25.60.Gc, 27.30xt

[. INTRODUCTION 5/2", although other reactions also could contribute at this
energy. In the present work we have used the single-neutron
The very neutron rich nuclei show a number of examplesknockout reaction’Be(*Si,®*Si+ y) X to identify the main

where weakening of the shell gaps and correlations bringingle-particle components of the knocked-out neutron by
intruder states close to or below what would be the groundheir measured” values and absolute spectroscopic factors.
state in the usual model space, see R&f. A particularly — Data were also taken for the corresponding reaction&®if
interesting example occurs for thé=20 isotones where and 37s.
¥2Mg and some of the neighboring nuclei are known to be The knockout reaction in inverse kinematics with radio-
strongly deformed. On the other hand, the nucleus with jusctive beams at energigg,=50A MeV s a technique that
two protons more**Si appears to be spherical as is borne outhas been us_e{B—lZ] to identify Slnglla_-partlcle_z configura- _
by the high energy 3.328 MeV of the'2state[2]. The mea- tions of rare isotopes. It seems that this technique can obtain

suredB(E2) value from a Coulomb excitation experiment results comparable to those traditionally associated with
by Ibbotsonet al.[3] could be interpreted in terms of a rela- single-nucleon pickup reactiofj33], however, the sensitiv-

tively large intruder contribution to the "2 state with the ity is greatly increased, and one experiment has already been

d state bei 12 (07 i i carried out with an incident beam of less than one atom/s
groun dS' ate elrr;\lgflzpuufsd)d (h ”w)T;:]on 'guration c]?r-h [11]. At the higher energies involved, semiclassical theories
responding to arN=20 closed shell. The structure of the (o o "hased on the eikonal approximajioan be used which

nucleus with one neutron Ies?Sywas studledgg)y Fifield  are simpler and have fewer free parameters. Nevertheless,
et al. [4], who measured théHe pickup from a**S target  these theories have the potential for yielding precise spectro-
and found strong cross sections to only three levels, thgcopic factors which provide quantitative information on the
ground state, 1.08), and 4.323) MeV, respectively. The composition of the wave functions of the initial and final
relative cross sections agreed with the interpretation of thes&ates involved.
as theds,, sy, andds, holes, respectively. Further support  In the knockout experiments, projectile residues from
was found in a Coulomb excitation experiment by Prity-single-nucleon removal reactions are detected in a high-
chenkoet al.[5] who observed population of a state given asresolution spectrometer that identifies the outgoing fragment
1.01 MeV in an intensity consistent with thes;}, assign- and measures its momentum distribution with high resolu-
ment from the shell model. A 4.3 MeY ray was assumed to tion. (The parallel-momentum spectrum plays the same role
arise from the excitation of two states with spins™3/@2hd  for the angular momentum identification as the angular dis-
tribution in transfer reactionsA coincidence between the
fragments at the focal plane of the spectrograph andythe

*Present address: Yale University, New Haven, CT. rays detected close to the target identifies individual excited
"Permanent address: Nuclear Physics Division, Bhabha Atomistates. Similar single-neutron knockout reactions have been
Research Center, Trombay, Mumbai, India. used—without the detection of rays—to establish the oc-
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currence of halos characterized by narrow momentum spec- TABLE I. Characteristics of the secondary beams and data ac-
tra reflecting the large spatial extent of the wave halo funcquisition time.

tion [14]. (An application for proton halos with detection of
the y rays is demonstrated in R¢6].) The method is sim- ¥si ¥si s

plest to apply in the case of nuclei close to the limit ofAvera e secondary beam ener eV 734 738 692
stability (the “drip line” ) where only a few bound final states 9 Y & Mev) ’ ’ '

) X ! . ; dary b intensit 2200 260 1B
are possible. The intensity balance for a case with many fmaiecon ary heam intens Y
states can be very difficult, at least until high-resolutipn eam purity(%) 66 92 87
y ’ 9 P Data acquisition timeh) 6.0 338 6.2

detectors become available for this kind of experiment.

An additional motivation behind the present work was to
extend our understanding of this spectroscopic tool. The dalgye particle identificatior{10%), the stability of the rate of
given below are the first obtained for nuclear masses ;. ijent particles from the beam purit§% for 3Si, 5% for
>30 and for_ weII—boun_d systems with a high density of final 3si), and from a general uncertainty of the thi’ckness and
states. Previous experiments had exploredpta@dsd pro-  pomogeneity of the secondary targ@96). In addition to
ton and neutron shells and had given examples of momentuy,; ot all residues could be detected due to the finite mo-
distributions for the @sy2, Opyy2, 1812, @nd Wsy, orbitals.  eniym acceptanceAp/p=+2.5%) of the spectrograph,
Although these in general agreed well with calculationsiherefore there is an uncertainty associated with the estima-
within an eikonal approachl5,16, better data showed a o of the undetected fragments. It is assumed that the sys-

low-momentum tail in theswave knockout that can only be ematic errors are independent, and they have been added in
accounted for in calculations that go beyond eikonal theo%uadrature.

[17,18. Other possible modifications to calculated momen-
tum distributions are suggested within the transfer to the con-
tinuum (TC) model of Ref.[19]. This model predicts differ-

ent neutron momentum distributions for states with the same The cross Sectiom—(‘]:) for removing a Sing|e partide
/ and differenf [20]. Such a behavior has not been observedyith quantum numbersNlj) and for leaving the core in a

up to now, but data for thedy;, Ods, pair could test this.  gpecific final stated”) can be decomposdd] into a struc-
The organization of this paper is as follows. After sum- .« part and a reaction part

marizing the experimental procedure in Sec. Il, the funda-

mentals of the reaction and structure models will be re-

viewed in Sec. Ill. Section IV contains the presentation and o(JT)=2, C23(j,dM) aefj,B). 1
discussion of the results for the neutron knockout fréfgi, !

and the results for the knockout froffiSi and *’s are found Here,B denotes the effective binding energy of the removed
in Sec. V. neutron given byB=S,+E,(J™) with the neutron separa-

tion energyS, and the excitation energy of the final state of

Il. EXPERIMENTAL TECHNIQUE the coreE,(J™). [The neutron separation energies of the iso-

. _ _ topes studied here ares,(*°Si)=2.75 MeV, S,(3*Si)
The experimental setup has been described previously in.7 3¢ MeV, andS,(3’S)=4.30 MeV.] The structure in-

Ref.[11]. The unstable**Si and *’S beams were produced formation is contained in the spectroscopic factorS, and

by fragmentation of a 40 pnA beam 6fAr at 1000 MeV, osj,B) is the theoretical single-particle reaction cross sec-
which was produced by the K1200 cyclotron of the Nationaljo,y assuming a spectroscopic factor of unity.

Superconducting Cyclotron LaboratofSCL) at Michigan
State University. The rare-isotope beams were purified in the
A1200 fragment separator and guided to the secondary target

Ill. THEORETICAL ANALYSIS

A. Nuclear structure and spectroscopic factors

area at the high-resolution S800 spectrogrE®ij operated For the positive parity states if’Si and 3'Si we use the
in energy-loss mode. The secondary targelBg, sdmodel space with the USD effective interacti@]. The
93 mg/cnf) was surrounded by an array of Ni@l) scintil-  valence configurations are ofm(sd)®v(sd)** and

lators[22] to detecty rays emitted by the reaction residues. m(sd)®v(sd)*? respectively. Energy levels for adid-shell
The reaction residues were identified by momentum, energguclei obtained with USD are given in RgR5]. The *°Si
loss, and time of flight in the detector system at the focalground state is obtained in thed-pf model space
plane of the S800 spectrograf®3]. The energy loss in the with configurations m(sd)®»(sd)*?»(pf)!, and the **Si
target was approximatelyA MeV. negative-parity excited states have the configurations
Table | summarizes the main characteristics of the secw(sd)®v(sd)!!v(pf)!. These configurations for the positive
ondary beams used in the experiment. The cross sections fand negative parity states #Si provide the complete set of
neutron removal have been calculated from the number dbw-lying states that can be reached by one-neutron knock-
residues identified in the focal plane of the S800 specout from 3°Si. Thesd-pf Hamiltonian is WBMB which was
trograph taking the geometrical acceptance of the spedaeveloped to study the island of inversion arouklg [26],
trograph into account£5° horizontal,=3.5° vertical at the and has more recently been applied to more neutron-rich
central momentum The main error sources in the determi- nuclei [27]. The WBMB Hamiltonian consists of the USD
nation of the cross sections stem from the software cuts iinteraction for thesd-shell part of the Hamiltonian and a
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potential model for thesd-pf cross-shell matrix elements. § T T y T . T y T
The single-particle energies and the parameters of the poten- £ 0 L _ E,ﬁ:’“‘ (3*si,%si) ]
tial were obtained from the properties of nuclei né&€a. < _ -s! ) .
: . . imulation 4290 kev _______5/2
All shell-model calculations were carried out with the pro- g -+ Back q
groun
gramoOXxBASH [28]. e ]
R T i 1010 keV L 1/2v
. . = ALY okev T ¥ 320
B. Reaction cross sections ~ y ! g t
_ 2 | T i ]
1. The eikonal model = 0k | t H/ m * 4
The single-particle reaction cross sections have been cal-o [ l T T r 1
culated within the eikonal approach of R¢L7] using the - - ]_ \

same parameters as in previous studies. We note that since® 107 - L . : . Ll L
only the reaction residu@n coincidence withy rays is de- ” 1000 2000 3000 4000 5000
tected, the measured knockout cross section consists of the Photon Energy (keV)
incoherent sum of contributions from strippirigbsorption
of the removed neutron in the targeind diffraction disso-
ciation (elastic break-up These contributions are deter-
mined independently from the core-target and neutron-targ
S matrices, which are calculated within Glauber theory. Th
wave function of the composit@ore-neutronstate was ob-
tained from a Woods-Saxon potential with radius and dif-
fuseness parameters chosen to heg=1.25 fm and a

=0.7 m as in the preceding studies. We point out that formentum distributions using momentum conservation, but

the r?‘“‘?r V\{ell-bound_ nuclei discussed here, the .St”ppmgvith the assumption that the kinematics are those of elastic
contribution is approximately 75% of the cross section. For,

details, see Ref§11,17, and references therein. breakup and tha}t target recoil energigs can be neglected for
Lo . the relevant peripheral core-target trajectories.

The parallel-momentum distributions of the residues were
calculated in the black-disk descriptiph5] with the effec-
tive interaction radii chosen to reproduce the reaction cross IV. THE °Be(*Si,33Si)X REACTION
sections of the free constituents. This is permissible because
the momentum spectra are relatively insensitive to the details
of the interaction in the direction perpendicular to the beam After the identification of the reaction residues in the
direction, but very sensitive to the orbital angular momentunspectrograph, the-ray spectrum in coincidence with the de-
/ of the knocked-out particle and its binding eneBjyThus  tected **Si particles could be constructed. It identifies the
the comparison of the measured momentum distributionglifferent final states populated in the process. The distribu-
with the shapes from theory can providévalue assign- tion in Fig. 1 shows the spectrum as a function of the recon-
ments. Since, at a more detailed level, using the sudden aptructed center-of-mass energy normalized to the number of
proximation for the interaction of the projectile in the eikonal detected breakup fragments. One recognizes two peaks in the
model does not conserve energy, details of the momenturspectrum, of which the lowest clearly corresponds to the
distributions will deviate slightly from these theoretical 1.010 MeV statd4] of which they ray is known from pre-

FIG. 1. Spectrum ofy rays in coincidence with reaction resi-
dues after reconstruction of the center-of-mass energy. The data
e(Points) are well described by a continuous background param-
etrized as a single exponentiaotted and by line shapes deduced
efrom Monte Carlo simulationgdashedl Two transitions could be
identified. The overall fit is shown as a double solid line. The inset
shows a simplified level scheme.

A. Analysis of the y-ray spectrum

expectationg18]. vious experiment$5,29,30 while the second is a peak near
_ 4.3 MeV. Because the photomultiplier tub@MTs) of the
2. Transfer to the continuum model Nal(Tl) detector system are very sensitive to the magnetic

The transfer to the continuufTC) model[19] offers an  field of the S800 spectrograph and have been calibrated for a
alternative method to calculate momentum distributions anglightly different magnetic field setting of the spectrograph,
total cross sections for nucleon removal. A generalization ofve have used the precisely known 1.010 MgVay to reca-
the semiclassical formalism for transfer reactions betweetibrate the spectrum. The second peak is then at(449
bound states, it includes a more complete dynamical treaiMeV, where the(conservativg error corresponds to the full
ment of the neutron motion than in the eikonal model. Spinchange of 3.3% in PMT gain between the settings for knock-
coupling between initial and final states is also more readilyout from 3Si and *Si. This is in good agreement with the
included. These effects are expressed in terms of the optic&nergy of the state observed by Fifietal. [4] at 4.323)
model S matrix between the removed neutron and the targetMeV, and we have used this, more accurate, result as the
evaluated at the energy of the breakup neutron in the finakdopted value in the present work. We interpret thisy as
continuum state with respect to the target. The relevant forrepresenting a single transition from the 5/2vel, but con-
mulas are presented in RE20] where the dependence of the tributions from other unresolved transitions cannot be ex-
spin coupling coefficients on the angular momentum, spircluded. (A 3/2% state should be present nearf8), but is
and neutron final energy were shown to introduce distortiongexpected theoretically to have a low cross section.
in the calculated neutron parallel momentum distributions. In order to quantify the population of these states, simu-
Here these neutron distributions are translated into core mdations with the codeseanT 3 [31] have been carried out.
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TABLE II. Single-neutron removal cross sections for tHee(34Si,®3Si)X reaction at 78 MeV. Given
are the experimental and theoretical excitation energies in the residual néglgysand E, , the total
angular momentum and parity of the final stdfg the major quantum number, orbital and total angular
momentumNIj of the removed particléas predicted from the shell modlepredicted stripping ((-ig) and
diffraction cross sectionSOQ:,ﬁ) for neutron knockout as calculated within the eikonal mdé&k) and the
transfer to the continuum mod€rlC), the spectroscopic fact@?S as calculated within the shell model, the
total theoretical cross sectiam,, and the measured cross sectiog,. The J” values in parentheses are
suggested by theory. States above the neutron separation enéfgy itS,=4.48 MeV) cannot be detected
in the experiment and have not been included in the domest row.

Ex,exp Ex.th J7 NIj U:g,Eik O'gngik U:g,Tc Ugngc CZSTh OThEk OThTC TExp
(Mev)  (MeV) (k) (A) (mb) (mb) (mb) (mb) (mb  (mb  (mb
0.00 000 3/2 0dy, 114 36 96 25 3.56 53 43 @)
1.01 085 1/2 1sy, 152 56 158 48 1.46 30 30  46)
(7/27) Ofy, 109 3.2
3.99 (7/2)
42914 438 (5/2) 0dg, 9.0 25 76 16 2.50 29 23 1B)
442 (3/2) 0dy, 89 25 011 ~1
469 (3/2) 0dy, 88 25 <0.01 (0)
493 (1/2) 1sy, 117 3.8 0.42 (6)
3 ~113 ~96 12314

These take into account the Doppler shift arising from thetions; they could be quantified to be less than 3%. An addi-
projectile velocity (3~0.36) and generate the energy depos-tional systematic error of 5% was added to take the limited
ited in the detectors. The simulations also include the finitanomentum acceptance into account. This rough estimate for
position resolution of the position-sensitive NI detector the momentum acceptance has been made since there is no
array. The analysis of these pseudo data gave rise to lingliable way to extrapolate the measured momentum distri-
shapes that were fitted to match the experimental spectrum &sitions as will be discussed later.

shown by the dashed curves in Fig.(These shapes clearly  The comparison of theoretical predictions and experimen-
must differ from what would be measured with a calibration(g resylts is shown in Table II, which contains information

source at restAs in our previous experiments, the experi- 5ot the excitation energy of the final stde, the total

rr|1entlal g spect:at caontaln(;:d ah_cohntflnuous distribution 01Eangular momentum and parity of the populated si&tethe
clearly beam-reiated events, which for our purposes reprecjuantum numbersNlj) of the removed neutron as predicted
sent an unavoidable backgroufd,32]. This was param-

trized inal tial funct the dotted i from the shell model, the single-particle removal cross sec-
€lrized as a singie exponential lunction, see the dottealine I, o ¢, stripping oS and diffraction ¢% as calculated

; ) . o o <
Fig. 1. Its shape and absolute intensity agrees within abouWithin the eikonal mode(“Eik,” see Refs. [12,17) and the

o . ) ; i
rzgnf’o\\;\g}hfrt:gt 12§Ze2/nedd1220r3vggreedg;nr;2? dilgsgIﬁar:;zmr:gntransfer—to—the-continuum modéITC,” see Refs.[19,20).
high-ener ravs. The 0\}erall fit of the simulated line The spectroscopic factd?S, the total theoretical neutron-

9 9yy rays. | R knockout cross sectioarr, for the two reaction models, and
shapes and the continuous background is indicated by tl}rﬁe reaction cross section measured experimenially
double line in Fig. 1; it agrees nicely with the measured data, P

There is no evidence for othey transitions. Since the complete the table._ .

: L . In agreement with Refl4] we interpret the three levels
highest level at 4.32 MeV is just below the neutron thresholdobserved in3Si as thed™=3/2° 1/2° and 5/7 states
of 33Si atS,=4.483(16) MeV, indirect feeding from unob- : ’ :

served higher levels can be excluded. The absolute experri?SpeCtlvely' These assignments find further support in the

mental branching ratios of 82% for the 1.010 MeV level measured values'=2, 0, 2, respectively, deduced from the

and 122)% for the 4.32 MeV level should therefore be very Iong|tud|nal mgTentEm distributions discussed belovx{. The
. ) . assignment o™= 3/2" to the ground state also seems likely
reliable. They have been used to derive the partial cross se

- . 3 .
tions discussed in the following subsection. from the states ir?°P populated in3 decay[33]. As can be
seen from Table Il, the agreement between theoretical pre-

diction oy, (for both reaction modelsand experimental ob-
servationog,, is very good. The total cross sections obtained
In order to obtain the partial reaction cross sections fronfrom theory(113 mb when using the eikonal model, 96 mb
the measured branching ratios one has to include speder the transfer to continuum modetompare well with the
trograph angular and momentum acceptance corrections. Fareasured inclusive cross section of (28 mb.
the °Be(®%Si,33Si)X reaction angular acceptance corrections An experimentally known (7/2) state[29,34 at 1435
have been obtained from Monte Carlo simulations using théeV in 33Si is an intruder from thepf shell and not con-
measuredraw) parallel and transverse momentum distribu-tained in the model space. There is also no experimental

B. Partial reaction cross sections
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TABLE Ill. Spectroscopic factors for neutron removal frotSi T T T T T
to specific final states iA°Si. Given are the excitation energy of the =
final stateE, , the quantum numbers of the removed partitéj(),
and the spectroscopic factor predicted in the shell m@fs,,.
The experimental spectroscopic factor dendﬁé&exp was obtained
by dividing the measured cross section by tleékona) single-
particle cross section.

N~
T
o P> o
= = ™=
I
M_\
N
N
1

E.2 NIj C?2sy, C?Sexp

N
T
—eo—
AN
N
A
1

0 MeV 0dg, 3.56 4.87)
1.010 MeV By 1.46 2.G3) Z
4.323) MeV 0dy), 2.50 1.34) I }’% )

aadopted values. g

C*S (Experiment)
N

evidence for the predicted 7/2state which should arise 0 L L . L .
from a (2" ®3/2") configuration. 0 2 4

C3S (Theory)

From the measured exclusive reaction cross sections one FIG. 2. Experimental vs theoretical spectroscopic facts
can extract experimental values for the spectroscopic factoréom all cases studied so far, see Ref2], and including results
For consistency with previous analyses, we have used tHgom the present workfull symbols. The experimental values rep-
single-particle estimates from the eikonal approach of Reffesent the measured partial cross section divided by the single-

[17] only. Table Il compares the predictions of the shell Particle cross sectioffrom the eikonal calculation The theoretical
model with the experimental spectroscopic factors. values are from many-body shell-model calculations. The dashed
It is interesting to point out that the shell closureNat line is the diagonal indicating that these two, basically unrelated,

—20 is still very well preserved for the ground state of guantities are connected by a scale factor of order unity.
34Si—in agreement with theorf2,3,26,35,3% This can be o ,

seen from the high spectroscopic factor for the branch to thHONS fromy rays with higher energies could be subtracted to
ground state of3Si: The sum ruleSC2S<(2j+1) is, 9Ve the clean contribution coincident with a given transition.

within the experimental error, exhausted by the branch to th&!milarly, the distribution for the ground state is deduced by
ground state. Moreover, asy, removal leads also with subtracting on an absolute scale the momentum distributions

maximum strength to the first excited state at 1010 keV, Th@ssociated with the excited final states from the inclusive
somewhat lower value for the reaction to thesQ state momentum dlstrlbutlo_n. Angular acceptance corrections
seems to be in line with what is seen for deep hole states if€"€ applied as described above; they are important at the
other case$12]. The data set presented here contains th&dges of the momentum distributions only.. In the present
largest values of spectroscopic factors analyzed in knocko se, the total angul_ar acceptance correction amounted _to
reactions from fast unstable beams so far. The data allow UESS than 3%, which is small compared to other systematic
to test structure vs reaction in an extended regime of specTors of the method. o
troscopic factors. Figure 2 shows a plot of spectroscopic fac- Figure 3 shows the extracted momentum dlstr|.bu.t|on as
tors from knockout experiments in comparison with predic-'cull data po;nts fol the branch to the ground s_taté’%ﬁl W'th
tions from many-particle shell-model calculations based of"0P0Sed)™=3/2" on the left panel. The middle and right
effective interactions, including the new data frofiSi neu- part of Fig. 3 show the distributions assomatgd with the ex-
tron removal (full symbolg. A dashed line with slope of cited states at 1.010 and 4(32 MeV, respectively. In all

unity is drawn to guide the eye. It is seen to represent théhrﬁe f:ﬁ_sesk,] the major part of the momentum ?pﬁctrum IS
results rather well. The fact that there is good agreemeni’€!l Within the momentum acceptance window of the spec-

between the extracted spectroscopic factors and the theordfo9raph but with a clear tail toward lower momenta. The
ical ones, which are expected to be reliable in these shells, f&ferent widths suggest the angular momentum assignments

evidence that the knockout technique does provide spectrd-—2: 9, 2, respectively. This is borne out by the theoretical

scopic information. ;:;:gw%téons of the momentum distributions discussed in the

C. Spectroscopic factors

D. Momentum distributions 2. Comparison with the eikonal approach

1. Experimental results Figure 3 compares the experimental momentum distribu-

The momentum distributions of residues left in a specifictions with calculations for the removal of & br a 0d neu-
final state after the knockout process can be obtained frortron. These are based on the black-disk eikonal model of Ref.
the coincidenty-ray spectrum by applying software cuts in [15], and as in the previous woil6,8—11 the distribution
the y-ray energies. These were placed at different energyas based on an integration over the reaction zdmhke
regions so that underlying background effects and contribuanalytical expressions given in Rdfl5] approximate the
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(34Si,338i) (34Si,338i)
0.3 T 0.09 0.3 T 0.09 T
JT = 1/2* Jr = 1/2*% JT = 5/2*
2 3
~ ~
3 {02t ~40.06 + 3 4 02r ~40.06
~ ~
0 0
£ £
a } 4 01} 40.03 | a {1 o1} 40.03
O o
5 5 I
o \ H ° H{ I
\I N ¢ L = I K N
0.0 0.00 .0 0.0 0.00
125 119 125 19 1.9 12.2 125 1.9 12.2 1225 19

Parallel Momentum (GeV/c) Parallel Momentum (GeV/c)

FIG. 3. Parallel-momentum distributions of the reaction residues FIG. 4. Measured momentum distributigfull points) com-

in the (“Si,*3Si) reaction leading to final states at(left), 1.01  pared with predictions within the transfer-to-the-continuum model

(middle), and 4.323) MeV (right). The data(full points) are com-  according to Ref.[20] for the (Si,%3Si) reaction leading the

pared with theoretical estimates from an eikonal approximatidh  ground statdleft), the 1.01 MeV statémiddle), and the 4.32 MeV

for /=0 removal(solid) and /=2 removal(dashef§l The heights  state(right). The full curves show the total neutron removal cross

and centroids of the theoretical curves have been scaled to mataection in comparison to strippiridashed and diffraction breakup

the data. From the shapes the angular-momentum values are seer(dotted, all calculated for the same incident beam energy of

be /=2, 0, 2 in agreement with the assignments” 70.6A MeV corresponding to a momentum of 12.192 Ge\nh

=3/2",1/2* 5/2". The calculations take the midpoints of the dis- this figure. For the proposed, removal the theoretical distribu-

tributions to be 12.20, 12.25, and 12.25 GeWespectively. If the tion has been scaled to match the data by a factor of 1.32]sfer

fragments were produced with a distribution centered at the velocitpy 0.7. The arrows indicate the momentum corresponding to experi-

of the projectile the expected midpoint would be 12.27(3) GeV/ mental projectile velocity.

indicated by the arrows.

. . in the spectrograph, it is calculated that if the average mo-

wf?vet.functhq'n by its g.alute ;tt the cer:jter o{hthe tanjgzéhe mentum exchar_1ge _is assumed_to be zero, as required by the

gegt(i:ol\rg roe:c 'llh\éverzgu?r(ilrjls rGes Oeéﬁ\r/)glj Liﬁg reziiieuaec 'Sv?tﬁr?hsgudden approximation, the residues should emerge centered

target. This procedure gi;/es apccurateylongitudinal rﬁomentu at 12.27(3) Gee. This agrees we!l Wlth the observed val-

distrib.utions because the precise shape of the interaction Tes for the three states, given in Fig. 3, of 12200

the surface is important only for the transverse momentu _ath..25Q3), and .12'250(1.0) Ge.‘a!/ wherg the errors are sta-
Mistical only. This result is consistent with the analydased

Eion an eikonal model and the sudden approximatiomder-

. ; . ying our previous experimen{$—12. We note in passing
Cal\(l:\lljelartl(ca)evmtrz ?;Otrhee?r(wz]?ourﬁ;etiggog)l:g\;iﬂgfjtlggihe shapes of'[hat the question of the relative shifts in velocity of the re-
the distributions(mainly the/ value$ and by their location action residues in Coulomb and nuclear breakup reactions

relative to each other and to the momentum of the incidenﬂaS been discussed in Ref87,38, where the latter found
0 evidence for the so-called “postacceleration effect.”

beam. The calculated momentum spectra for assumed values The fact that the distributions in Fig. 3 were taken at one

of 7 of 0 and 2 were scaled to match the data in relatlVesetting of the spectrograph and represent subsets sorted on

hESQ})r?n(.jr’h\év'tghree:pggoaprrateré\(z:jeentfhgagzg?rwgt;?é '2 e basis of coincidences with rays permits a more accu-
b ' P y P 9 ate statement abougélative momenta. The distribution as-

/=2, 0, 2 to the ground state, 1.01 and 4.32 MeV excite d with the 3/2 d h | llel

states, respectively, and underpin the assignments givesnoClate with the ground state has a lower parallel mo-

above’ The round,state is the first case al.a neutron mentum than those associated with the two higher levels.
' 9 3 The shift of —50(5) MeV/c relative to the 1/2 state is

orbital observed with the knockout technique. The Narrow . ost accurately determined. A similar effect was seen in the
width found for the state at 1.01 Melniddle panel of Fig. y '

SR . A recent experiment o°C, except that in this cagé8] it was
3) clearly identifies it as an’=0 excitation, in agreement ; .

: , . .the excited level at 6.09 MeV that had a downshift of
with expectations from the shell model. In this case, there IS MeV/e relative to the around state at a tof4C momen-
evidence for a low-momentum tail similar to the one re- grour .
ported for the halo of°C by Tostevinet al.[18], who inter- tum of 4.51 GeVE. The ?”g'ﬂ Off theﬁe(smalb shifts re-

. . T . mains an interesting puzzle. The fact that opposite signs were
preted it as arising from energy conservation in the dncfraC_obtained in the twogcgses seems to rule ouFt)pa simplegconnec-
tive breakup channel.

The knowledge of the absolute momenta involved in thetlon Io energy and momentum conservation laws.

reaction is limited by hysteresis effects which lead to an
uncertainty of approximately 0.1% on the effective magnetic
field. From a measurement with a field setting that allowed Figure 4 compares the measured parallel-momentum dis-
the incident beanwith the Be target in plageo be detected tributions(full points) and the transfer to the continuufiC)

3. Transfer-to-the-continuum model and optical potential
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TABLE IV. Neutron-target optical potential parameters used in § | . | . . | . |
the transfer to the continuum calculations. For the parametrization ° Data (355i,s1)
of the potential see, e.g., R¢BI]. L 0o°r =Fit
5 — - Simulation
Strength Range Diffuseness  § *--~ Background
(MeV) (fm) (fm) Lg 0™ .
Real 28 1.2 0.387 >
Imaginary  27.9(surface/6.9 (volume  1.368 0.3 § s
Spin-orbit 5.5 1.15 0.5 A
a
hel
T 10 !

calculations. These have been performed at an incident en-.2 10
ergy of 70.8\ MeV, such that the centroid of the calculated

sy, distribution coincides with that of the data. THg, and Photon Energy (keV)
ds), distributions were obtained without further adjustment. . S 3dc: .
The centroids of both distributions are in good agreement F'C: 5. Same as Fig. 1 for thegi,Si) reac_tlogl.‘sl_:or the
with the data, and the position of the peak of thg distri- gescrlptlog (%_fhthehspectrur;, l;nO\an transntuo[rﬁ;)f] b'n K | have

: T . ; L . t t
bution, which is shifted with respect to the other two distri- een use e shape and absolute amount of backgrpuags

X - ) ~ agrees with the result obtained from tH#éSj,33Si) y-ray spectrum.
butions, originates from the asymmetry induced by the spin g & ) yraysp

coupling term[20]..W_hiIe_the maXim“”.‘ of the calcglated However, an unambiguous placement of theays of Ref.
srwave_removal dlstrlbl_Jtlon agrees with the ex_per_lmental[30] is not always possible, neither is there a one-to-one
data vr\]nthou; further a?ll:jsgmefté ztmé/é %ng dsy2 d|str_|bu|- rcorrespondence between the proposed excited states and the
tions have been rescaled by 1.32 and 0.7, respectively. Thg, o model calculation. Using the spectroscopic information
neutron optical potential used was close to those Qf R@ﬂ of Ref. [30], the y-ray spectrum in coincidence with the
forl a neLtJtron—tﬁrgelt)energ)éotlafdabo#t 0 ,\1/=Irev't An t'm"’.‘g'naryreaction residues has been fitted using a single exponential
volume term has been added whose €eliect IS 10 IMProve, etion for the description of the background and eight
agreement between the_ calculated and experlme_n_tal e mulated line shapes. The results are shown in Fig. 5 as
neutron-target cross sections. The.use of a spin-orbit interagy,ye 4 ang dashed lines, respectively. In this case, the param-
tion is essen_tlal n producing the d|ﬂ_‘erence bety\_/eenctg)g etrization of the continuous exponential distribution yields
andds, distributions. The core survival probability, at each 65 comparable to those deduced for the neutron removal
impact parameter, was parametrized with a smooth cutoff,, 345 However, a disagreement between the overall fit
fimCt'Onf as |ndl?j§f1;[20] wnh;fl_stron? absr?rptg)n lradnBS (double solid line in Fig. band the measured data is clearly

N 7'35 m and dIffuseness _0'6, m. The absolute CrOSS  yisible and indicates the possibility of an even more complex
section values and optical potential parameters are given Bectrum.

Tables Il and IV, respequvely. . . ) Table V shows the quantitative results of the fit shown in
The total cross sections, pbtamed by Integration of th_eFig. 5. They-ray energyE , is given with the possible quan-
momentum distributions, are in good agreement W'Fh the eitym numbers and excitation energies of the initial and final

konal values, see Table Il. The breakup cross sections from

the s state are the same, which shows a certain insensitivity tag g v. Electromagnetic transitions ifSi following the
to the details of the neutron-targ8tmatrix. For knockout  neytron knockout from®Si. The energies of the-ray transitions
from d orbitals the values from the TC model are somewhahaye been taken from RB0]. Shown are the photon energy,,

1000 2000 3000 4000 5000

Y

smaller values than those from the eikonal mddel]. possible initial and final statggngular momentum, parity, and ex-
citation energy, and the probability for emitting a specificray in
V. THE °Be(®°Si,3*Si)X AND THE °Be(®7S,369) X the knockout process from a fit to the experimental spectizae
REACTIONS Fig. 5. Question marks indicate ambiguities in the level scheme.
Figure 5 shows the measuregray spectrum for the E 7 Ey I7 By b
%Be(*Si,*'si+ y)X reaction. The histogram displays the (kev) (f1:keV) (f:keV) (%)
measured data. One recognizes four structures around 506;
900, 3300, and 4200 keV. A careful inspection of the spec- 123 (3,47,57);4379 3, ,4257
trum, however, reveals that the data cannot be described ap- 591 (37,47,57);4970 (3,47,5);4379 143
propriately by these four transitions only plus a single expo- 929 3y ;4257 2 ;3326 334)
nential function to model the background. One would have 1053 (3.4 ,5),43797? 21,3326 ? 4(2)
to assume a slope and an absolute amount of the continuousl193 27:3326 ? (§);2133 2 8(2)
background distribution that would deviate significantly 1715 ? ? 1)
from previous measurement$l,32 and also from the re- 2696 ? ? ®)
sults obtained for*Si. 3326 27:3326 g ;0 54(3)
In addition to the aforementioned four transitions, further 4257 3] ;4257 0 ;0 7()

transitions in®4Si are known from thg8y study of Ref[30].

034318-7



J. ENDERSet al. PHYSICAL REVIEW C65 034318
TABLE VI. Same as Table Il for théBe(®°Si,3*Si)X reaction. 0.6 .
Experimental cross sections are not given since the level scheme is
experimentally unclear. Values df" in parentheses are suggested (34Si,33Si) I‘.
from theory. All states predicted from a spherical shell-model cal-
culation below the particle emission threshold #MSi at S, 0.4 F o °® i
=7.54 MeV with a spectroscopic fact@S>0.02 are listed. The ) L4
eikonal model has been used to calculate the single-particle cross
sections. [ 1
°
Ex.exp Exth J7 NIj Ui}{ak Ug:)ffEik Czsth Tth % 02 .0 1
(MeV) (MeV) (h) (h) (mb)  (mb) (mb) ; o
0.00 0.00 o) of,, 15.6 5.6 0.86 18 éo/ 0.
3.33 2t } 00 |2 I coel
4.26 3.98 3 0dg, 115 3.7 0.63 10 €
1s,, 16.9 6.6 0.11 3 ~ (35Si,si)

382 (4) Ody, 114 37 094 14 5 1)

428 (5) 0dy, 11.0 35 1.19 17 } 04 L ] )

470 (3) 1sy, 160 6.1 055 12 ° -

489 (2f) Ofy, 112 33  0.07 1 -

490 (27) Ody, 109 3.4 047 7 =

553 (4) 1s,, 151 55 077 16

710 (2) Ods, 93 25 004 O 0.2 r oe® y
p3 98 i . o.

.. ..
0.0 - - ' e

states {/; ;Ey i/s) and the ratido, which describes how often 11.9 12.2 12.5

a y ray of this energy is observed in coincidence with a

reaction residue. If all initial and final states are known, it is

possible to deduce from this the exclusive reaction cross sec- FIG. 6. Inclusive momentum distributions for the neutron

tions (not including acceptance correctiorisy subtraction,  knockout from34Si (upper pant and ®Si (lower par.

but due to uncertainties in the level schefgaestion marks

in Table V) this is not yet possible. Although the transitions effective binding energie®=S,+E, are comparable for

relating the § , 2;, and 3 states stand out in the measured Similar orbitals.

y-ray spectrum, it is not possible to extract partial cross sec- S|T7|Iarly, data have been taken for the neutron knockout

tions due to side feeding of these states. from S The residual nucleu¥s has the very high neutron
Table VI lists (in analogy to Table )i the predictions for s_eparatlon energy of 9.89 MeV. From a shell model calcula-

single-particle cross sections as calculated within the eikond®" 23 states are expected to be populated by the knockout

model and the spectroscopic factors from the shell model. AB'OC€SS W'th. spectroscopic factors greater than 0.03. In a
can be seen. about 80% of the total cross section can cealculatlon S|m|Iar to that of Table VI, thg partial cross sec-

. ' . . t{lons can be obtained for each of these final states, leading to
attributed to the removal of a neutron indeor ans orbital

a total (inclusive cross section of 85 mb. This value com-
0, - . .
whereas only 20./0 are exp_ected o result_frbwave knock pares well with the experimental result of (29) mb. The
out. The theoretical inclusive cross section of 98 mb from

: ; o _y-ray data in coincidence with the residues could not be

summing over all states with non-negligible SpectoscopiG,aiyated quantitatively due to pile-up effects induced by the

factors below the neutron separation energy agrees well W'tHigh incident beam rate and the high complexity of the

the experimental value of 1089 mb. spectrum.
Figure 6 shows the measured inclusive momentum distri-

butions both for the knockout frorff'Si (upper pantand 3Si

(lower par). One recognizes a striking similarity between

these spectra which indicates that the dominant reaction A large-acceptance spectrograph and an array of efficient

channels contributing are similar in both cases. A closer inand position-sensitive N@ll) y-ray detectors have been

spection reveals that the inclusive distribution for the knock-used to study neutron-knockout reactions Y8i, °Si, and

out from **Si is actually wider than the momentum spectrum 7S, The main results concern ti8e(®*Si,®3Si+ y) X reac-

of the *°Si breakup, and a particularly wide component fromtion, in which three final states are populated, the ground

the anticipated-wave removal fron?°Si is not visible in the  state and levels at 1.010 and 432MeV (adopted values

spectra. The different widths of the distributions cannot beThe parallel-momentum distributions of the reaction residues

attributed to the differences in the neutron separation enedemonstrate the orbital-angular-momentum assignments

gies[S,(*°Si)=2.75 MeV, S,(**Si)=7.36 MeV] since the /=2, 0, 2. The absolute spectroscopic factors exhaust large

Parallel Momentum (GeV/c)

VI. CONCLUSION AND OUTLOOK

034318-8



SINGLE-NEUTRON KNOCKOUT FROM343%5j AND °7S PHYSICAL REVIEW C 65 034318

fractions of the sum rules for a fullN=20) sd shell and The transfer-to-the-continuum model obtains shifts and
prove that the levels to a good approximation represent thasymmetries that are qualitatively in good agreement with
single-particle holes @;,, 1s;,, and @s,, respectively. the data. In contrast to the eikonal approach discussed above,
The results show that the madit=20 shell gap is preserved the TC model uses the same beam energy to produce mo-
for silicon (Z=14) while it is known to break down for the mentum spectra in agreement with the data for all three mea-
nucleus with two protons less, magnesiumh=12). sured final states.

An interesting result concerns the position of the parallel- The much more complexy-ray spectrum of the
momentum distributions. In the sudden approximation, thedge35gj 34sj+ 4) X reaction seems to represent the limit of
average velocity would be the same as that of the incidenynat can be done with NéTI) detectors. An array of high-
beam. This was determined in a separate measurement apgko|ution segmented germanium detecfdr designed to

corresponds to a residue momentum of 12.27(3) @eW  provide precise Doppler corrections is now being commis-
fact, the three measured distributions are within two standardijgned at the NSCL.

deviations of this. It is, however, possible to make more pre-

cise statements concerning tieative momenta of the three

distributions. We find that the 3/2ground state is formed

with on the average 50(5) Me¥/less momentum than the ACKNOWLEDGMENTS
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