
Nonsudden Limits of Heavy-Ion Induced Knockout Reactions

F. Flavigny,1,2 A. Obertelli,1 A. Bonaccorso,3 G. F. Grinyer,4 C. Louchart,1 L. Nalpas,1 and A. Signoracci1

1CEA, Centre de Saclay, IRFU/Service de Physique Nucléaire, F-91191 Gif-sur-Yvette, France
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We report on the single neutron and proton removal reactions from unstable nuclei with large

asymmetry �S ¼ Sn � Sp at incident energies below 80 MeV=nucleon. Strong nonsudden effects are

observed in the case of deeply-bound-nucleon removal. The corresponding parallel momentum distribu-

tions exhibit an abrupt cutoff at high momentum that corresponds to an energy threshold occurring when

the incident energy per particle is of comparable magnitude to the nucleon separation energy. A large low-

momentum tail is related to both dissipative processes and the dynamics of the nucleon removal process.

New limits for the applicability of the sudden and eikonal approximations in nucleon knockout are given.
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Direct nucleon removal reactions represent a uniqueway
to probe the ground-state wave functions of atomic nuclei.
The primary procedure extracts spectroscopic factors from
the comparison of experimental data to reaction theory
predictions which include the relevant structure informa-
tion. The concept of spectroscopic factors was first intro-
duced in [1], where its complexity was already discussed.
In particular, it was foreseen what has proven to be crucial
in the present research with unstable nuclei, namely, the
effects of core excitations and correlations. To study
ground-state wave functions of short-lived nuclei, one-
nucleon knockout at intermediate energies in inverse
kinematics has been used and has largely contributed to
establishing the picture of shell structure away from
stability [2]. Shell occupancies and the intrinsic angular
momentum of the removed nucleon are extracted from
experimental cross sections by comparison to model pre-
dictions under the sudden and eikonal (SE) approximation,
assuming that the projectile’s kinetic energy is large
enough to consider its intrinsic degrees of freedom frozen
[3]. Time dependent approaches, in which the sudden limit
is not applied, exist as well [4,5]. The SE approximation is
applicable to a quantum mechanical transition when the
so-called adiabaticity parameter [6] is small, �! � 1.

A recent compilation of experimental knockout cross
sections at intermediate energies showed a systematic
trend when compared to theoretical calculations based on
shell-model predictions for shell occupancies and the SE
approximations for the nucleon removal reaction [7]: ex-
perimental cross sections for the knockout of deeply-bound
nucleons were much smaller than theoretical predictions.
This unsolved discrepancy still questions our understand-
ing of both nuclear correlations and reaction mechanisms
(see, for example, [8–13]).

In the present Letter, we further investigate single
nucleon knockout reactions by focusing on light nuclei

14O and 16C. Both exhibit a large difference in individual
nucleon separation energies, approximately 20 MeV,
similar to cases where strong discrepancies between
experimental and theoretical results have been observed.
Both nuclei can be produced with high intensity, allowing a
high-statistics momentum distribution to be measured and
offering new insight into the reaction mechanism. In this
study, incident beam energies below 80 MeV=nucleon
were used to investigate the limits of the reaction model
and to determine the regime in which spectroscopic infor-
mation can be reliably extracted.
Two experiments were performed at the National

Superconducting Cyclotron Laboratory. In the first, a pri-
mary beam of 18O was produced and accelerated to
120 MeV=nucleon by the coupled-cyclotron facility. The
16C secondary beam was produced by fragmentation on a
9Be target at the entrance of the A1900 fragment separator
[14] to deliver an almost pure beam (99%). In the second
experiment, an 16O primary beam was fragmented on
the same target leading to a secondary beam containing
73(1)% of 14O. The 16C and 14O secondary beams im-
pinged on a 188ð4Þ mg=cm2 9Be target placed at the object
point of the S800 spectrograph [15] and surrounded by the
SeGA high-purity germanium array [16]. The mid-target
energies were 75 and 53 MeV=nucleon, respectively. Time
of flight measured upstream of the target provided an
unambiguous identification of the incoming particles.
The SeGA array was composed of 17 highly-segmented
germanium detectors and led to a photopeak efficiency of
2.6(1)% for a 1 MeV transition. Doppler effect corrections
were performed event by event. The projectilelike reaction
products were transmitted to the S800 focal plane. A clear
identification of the knockout residues was reached via
time of flight between the A1900 and S800 focal planes
and energy loss in the ionization chamber. From the coor-
dinates of the residues in the focal plane measured by two
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cathode-readout drift chambers, we reconstructed the out-
going momentum of reaction products and the scattering
angles. Thus, the kinematics of the knockout residues were
determined and their longitudinal-momentum distributions
could be evaluated. The relative momentum spread of 16C
and 14O beams on the target was 0.4% and 0.3% full width
at half maximum, respectively. Despite the S800 large
momentum acceptance (� 2:5%), three different B� set-
tings were needed to measure almost complete momentum
distributions for each reaction channel.

The one-neutron removal from 16C leads to 15C which
has a 5=2þ bound excited state at 740 keV [17] above its
1=2þ ground state. From the inclusive momentum distri-
bution, shown in Fig. 1(a), we extracted the inclusive cross
section of the one-neutron removal to be 81(7) mb. The
error bars contain uncertainties on beam intensity (5.5%),
particle selection (3%), target thickness (2%), background
subtraction (2%), and acceptance corrections (4%) added
quadratically to the statistical uncertainty. The SE approxi-
mation as used in [7] predicts 89 mb (see Table I), in good
agreement. The single-particle cross sections were calcu-
lated using core densities obtained from Hartree-Fock (HF)
calculations with the Sly4 interaction [19]. In the case
of the neutron removal from 16C, the neutron 1d and 2s

single-particle wave functions were calculated in a Woods-
Saxon potential whose radius and depth were taken from
[20]. Spectroscopic factors calculated with the WBT shell-
model interaction [18] in the psd valence space (limited to
two @! excitations) were used. Theoretical parallel-
momentum (Pk) distributions from the SE approximation

have been calculated for the removal of both ‘ ¼ 2ð5=2þÞ
and ‘ ¼ 0ð1=2þÞ nucleons, following the derivation of
[21]. Their peak amplitudes have been adjusted to the
inclusive momentum distribution (dashed lines in Fig. 1).
The position of their maximum has been set to the expected
mean momentum of the residue at the exit of the target,
taking into account energy loss and Q values. Very good
agreement is found with the exception of a tail at low
momentum leading to a slight asymmetry as already ob-
served, for example, in [22–25]. The populations of the
bound excited state and the ground state contribute to 56
(5)% and 44(5)% of the inclusive cross section, respec-
tively, in agreement with previous studies [20,22,26].
The 16Cð9Be; XÞ15B reaction requires the removal

of a deeply-bound proton with Sp ¼ 22:6 MeV (Sn ¼
4:25 MeV). The spectroscopy of 15B has been previously
performed [27] and shows a 3=2� ground state and two
bound excited states: a 7=2� state at 2734 keV and a 5=2�
state at 1327 keVabove the ground state. The spin and parity
of these states, consistent with the observed decay scheme,
rely on the comparison with shell-model predictions using
the WBT interaction. We measured an inclusive cross sec-
tion of 20(2) mb. The occurrence of effects beyond the SE
approximation is visible on the Pk distribution shown in

Fig. 1(b): the momentum distribution is asymmetric and
displays a very large tail at low momentum. The spectrum
of prompt deexcitation gamma rays measured in coinci-
dence with 15B is shown in Fig. 2. The cross section ex-
tracted for the population of the ground state is 18(2) mb,
much lower than the theoretical prediction of 50 mb assum-
ing ‘ ¼ 1 removal. The population of the excited states is
1.3(2) mb for the 5=2� state and 0.8(1) mb for the 7=2�
state. In the case of a direct process, the population of these
states is not expected. Indeed, assuming that protons are
contained inside the large spsd valence space, the only
negative-parity states that can be populated come from
‘ ¼ 1 removal and are, therefore, limited to J� ¼ 1=2�
or 3=2�. The Pk distributions for the direct population of

the 15B states have been extracted from the coincidencewith
photopeak events (see inset in Fig. 2) by subtracting
eventual feeding from upper states. The distributions for
excited states are peaked at momentum values of
�5500–5650 MeV=c, well below the maximum of the
ground-state distribution, demonstrating that a large part of
the population results from dissipative processes during the
core-target interaction time. Strong asymmetries in the frag-
mentation of intermediate energy stable beams have long
been known (for example, see [28]) and attributed to dis-
sipative processes. In the case of exotic beams, clear proof of
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FIG. 1 (color online). Parallel-momentum distributions of pro-
jectilelike residues from inclusive one-nucleon knockout: (a) 15C
and (b) 15B from 16C, (c) 13N and (d) 13O from 14O. Colors
represent different settings for the S800 spectrometer. Calculated
parallel-momentum distributions at mid-target energies convo-
luted with the momentum profile of the beam and shifted by a
momentum (typically 100 MeV=c) corresponding to the resi-
due’s energy loss in half of the target are shown as SE (dashed
line) and TC (solid line) (see text). Theoretical distributions have
been normalized to the data. Cutoff positions according to
Eq. (1) are shown as vertical lines.

PRL 108, 252501 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending
22 JUNE 2012

252501-2



this has been found in a very exclusive measurement at
GANIL for 6He [29], while a broadening of the transverse
momenta for the tails of core longitudinal distributions [23]
and energy damping in Si telescope measurements [24] have
been identified with such processes. In addition, the high-
momentum part of the distribution shows a sharp edge,
indicating that the SE approximation is not appropriate for
the present reaction channel at 75 MeV=nucleon. For illus-
tration, Fig. 1(b) shows a typical momentum distribution
from a sudden process in the SE limit.

Nucleon removal from 14O [SnðpÞ ¼ 23:2ð4:63Þ MeV] at

53 MeV=nucleon results in similar conclusions. Neither
13O nor 13N exhibit bound excited states. The momentum
distribution [see Fig. 1(c)] is symmetric and in good agree-
ment with predictions assuming ‘ ¼ 1 removal. The one-
neutron removal cross section is measured to be 14(1) mb,
26% of the expected 54 mb prediction. A very asymmetric
momentum distribution is observed [Fig. 1(d)], showing a
sharp high-energy edge, more pronounced than the 15B
case and strikingly different from the symmetric distributions

that are usually observed at higher incident energies where
the SE approximation is valid.
In the two cases of neutron breakup studied in this work,

the dimensionless adiabaticity parameter �! is evaluated as
2.25 and 0.24 for 14O and 16C projectiles, respectively. As a
result, the SE approximation is only valid for the 16C
projectile. When this approximation is not valid, we inter-
pret the momentum distributions from an alternative theo-
retical approach: the transfer to the continuum (TC)
method [30,31]. TC is restricted to neutron removal be-
cause of the use of Hankel functions for the initial state,
which allows the removed neutron energy distribution in
the continuum to be calculated analytically via a time-
dependent transition amplitude. As such, it contains energy
and momentum conservation between the partners of the
reaction, and the corresponding parallel momentum of the
ejectile is obtained from

Pk ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðTp � Sn � "fÞ2 þ 2MrðTp � Sn � "fÞ
q

; (1)

whereMr is the mass of the residue, Tp is the initial kinetic

energy of the projectile, and Sn is the nucleon separation
energy from the initial bound state. The neutron final
continuum energy with respect to the target is given by
"f. Equation (1), together with the appropriate Jacobian,

enables the conversion from the final neutron energy spec-
trum to the core final momentum spectrum. The threshold
at "f ¼ 0 is the same for stripping and diffraction, when

the core-target interaction is considered elastic. While
Eq. (1) has a general validity and could be introduced
independently from the reaction model in order to calculate
the breakup threshold, a microscopic calculation of the "f
distribution allows a consistent description of both the
threshold effect and the full Pk distribution. The momen-

tum thresholds in the one-nucleon removal, after correction
of energy loss in the target, are predicted to be at
Pk ¼ 5846, 5821, 4161, and 4059 MeV=c for 16Cð�1nÞ,
16Cð�1pÞ, 14Oð�1pÞ, and 14Oð�1nÞ, respectively.
These momentum cutoffs are in perfect agreement with
what is observed experimentally for deeply-bound nucleon
removal (see Fig. 1). For the neutron-9B target interaction,
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FIG. 2 (color online). Doppler-corrected gamma spectrummea-
sured in coincidence with 15B from 16Cð9Be; XÞ15B at
75 MeV=nucleon. (inset) Parallel-momentum distribution for the
population of the ground state (continuous line, black), the first
(dashed line, blue), and the second excited state (dotted line, red).

TABLE I. Summary of one-nucleon knockout results from 14O at 53 MeV=nucleon and 16C at 75 MeV=nucleon. We show inclusive
cross sections �SE from the sudden and eikonal approach and �TC from the transfer to the continuum approach and the measured
(�exp) cross sections. Spectroscopic factors C2S are calculated with the WBT interaction in the psd valence space [18].

Beam Res. E (MeV) J� �exp (mb) C2S �SE (mb) �TC (mb)

14O 13N 0.0 1=2� 58(4) 1.55 55 not applicable
14O 13O 0.0 3=2� 14(1) 3.15 54 34
16C 15B 0.0 3=2� 18(2) 2.95 50 not applicable

1.33 (5=2�) 1.3(2) � � � � � � � � �
2.73 (7=2�) 0.8(1) � � � � � � � � �

16C 15C 0.0 1=2þ 36(5) 0.89 60 59

0.74 5=2þ 46(6) 0.90 30 31

total 81(7) 90 90
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a new parameterization has been used which reproduces
also the data at Einc < 20 MeV. Further details of the
method can be found in previous references. In the present
calculation, the core-target S matrices are calculated from
Hartree-Fock densities within an eikonal approach. The
initial bound state wave functions for 16C are the same as
in the previous eikonal calculation and for 14O by using
a neutron single particle wave function calculated in a
Woods-Saxon potential with depth 60 MeV, r0 ¼
1:40 fm, and a ¼ 0:7 fm with a spin-orbit potential with
depth Vso ¼ 5:5 MeV to reproduce both the experimental
separation energy Sn ¼ 23:2 MeV and the theoretical ra-
dius of the neutron wave function as calculated within the
HF formalism. The resulting momentum distributions are
shown in Fig. 1. The Pk distribution for neutron removal

from 16C is in good agreement with experimental data, and
the distribution is similar to that of eikonal predictions,
giving similar contributions for the s state and d state. Total
breakup cross sections are given in Table I. Interestingly,
the loosely-bound nucleon removal cross sections from the
SE and TC models are the same, whereas in the case of the
one-neutron removal from 14O the TC model gives a 30%
smaller cross section than the SE calculation. The small
bump close to threshold originates from the population of a
d5=2 resonance state present in the n� 9Be continuum

around 3 MeV, not observed in the data. The calculated
distribution for the deeply-bound neutron removal from
14O reproduces very well the high-energy cutoff due to
the threshold effect resulting from Eq. (1), as well as the
position of the maximum and the width of the momentum
distribution. The shoulder at 3900 MeV=c in the calculated
Pk distribution, barely visible in the data, comes from both

the intrinsic momentum distribution of the removed nu-
cleon and the energy dependence of the n� 9Be interac-
tion cross section. Interestingly, the TC approach predicts
also a rather large low-momentum tail for the distribution.
It is the first time a microscopic calculation predicts such
asymmetric momentum distributions in the case of deeply-
bound nucleon removal. Although the dynamics of the
reaction cannot be reproduced exactly by the present
analysis, it suggests a link between the removed-nucleon
dynamics and the low-momentum tail of the heavy residue,
in addition to the dissipative processes indicated earlier.

The present study shows a very strong asymmetry of the
Pk distribution when the initial neutron separation energy

and the beam incident energy per particle have comparable
magnitude [4,24,32]. The concept of kinematical limit is not
a new one but was already discussed at the time of stable
beam studies some three decades ago [28,33] and for exotic
beams in [4,32]. This effect is enhanced in the present case
due to the strong increase of the free-neutron-9Be cross
section at the low energies which dominate the dynamics
of the reaction. In Fig. 3, several experiments from NSCL
[7,34] and GANIL [22,23] are gathered as a function of the
beam energy and the separation energy of the removed

nucleon. It appears that several of these previous measure-
ments may have been affected by this threshold effect.
Below the 100 MeV=c line, the experimental momentum
distributions are strongly deformed by the presence of the
kinematical cutoff as observed in the 14Oð�1nÞ reaction.
Edge effects also occur in several data sets beyond this line,
namely, the present 16Cð�1pÞ channel but also data from
previous measurements with incident energy below
85 MeV=nucleon, such as 28S, 24Si [7], and 16C, 19N [23].
In Ref. [23], where the one neutron removal from 16C at
55 MeV=nucleon is reported, a cutoff is visible as predicted
from Fig. 3, whereas in the present measurement at
75 MeV=nucleon no cutoff is seen, as expected. In the
present case of 14Oð�1nÞ [16Cð�1pÞ], the high-momentum
cutoff, shown as vertical lines in Fig. 1, represents 22%
(14%) of the Pk distribution from SE approximation.

In summary, the single nucleon removal cross sections and
the corresponding detailed parallel-momentum distributions
were measured for light nuclei with large �S� 20 MeV at
incident energies below 80 MeV=nucleon. The parallel-
momentum distributions obtained from the removal of a
deeply-bound nucleon from the studied nuclei exhibit (i) a
large tail at low momentum originating in part from dissipa-
tive processes during the core-target interaction and (ii) an
abrupt cutoff at high momentum, expressed as a function of
the energy of the projectile and the separation energy of the
removed nucleon. In this study, we define a limit of the
energetic regime one can use to safely extract structure
information on the projectile by comparing the experimental
shape of the parallel-momentum distribution to predictions
from standard sudden and eikonal approaches. For incident
energies of comparable magnitude to the initial neutron
separation energy, the final state interaction of the neutron
with the target distorts such distributions, while energy
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conservation conditions restrain some part of it from being
visible in the final state. Core excitations in the nucleon-
removal reaction have to be further investigated to control the
reliability of spectroscopic information extracted from well-
bound nucleon removal.
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