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FIG. 8. (Color online) Relative probability to find pairs in the
different spin-isospin channels as a function of relative momentum.
For all pairs (top) or only for pairs with pair momentum K = 0
(bottom).

case of the AV8′ and about 2.5 fm−1 in the case of the N3LO
interaction the relative probabilities are dominated by short-
range correlations. This influence of many-body correlations
is also related to a strong dependence on α. With increasing
flow parameter α the relative probabilities for all pairs become
more and more similar to the relative probabilities of the K = 0
pairs shown in Figs. 8(c) and 8(d). As there is no significant
α dependence for the K = 0 momentum distributions, the
relative probabilities for the K = 0 pairs are independent
from α as well and are therefore not sensitive to many-body
correlations.

It is interesting to note that the relative probabilities for
the K = 0 pairs are quite similar for the AV8′ and N3LO
interactions, even for very large relative momenta, whereas
the absolute values of the momentum distributions are very
different. Differences in the relative probabilities between
AV8′ and N3LO reflect differences in the relative importance
of tensor correlations for the two interactions due to differences
in the regularization of the tensor force.

G. Relative probabilities for pn and pp pairs

In an experiment one measures protons and neutrons and
not S,T pairs. Therefore we define the operator in two-body
space that measures the probability to find a pair of two protons
(pp: MT = 1) or a proton-neutron pair (pn + np: MT = 0) at
relative momentum k and pair momentum K as

n̂MT
(k,K) =

∑

lm,SMS,T

|klm,SMS,T MT 〉〈klm,SMS,T MT |

⊗
∑

LM

|KLM〉
(

A

A − 2

)3/2

〈KLM|. (17)
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FIG. 9. (Color online) Relative probability to find pn or pp pairs
with pair momentum K = 0 as a function of relative momentum.

In the case of 4He one T = 0 pair corresponds to one pn
pair, and one T = 1 pair to 1

3 of a pp, 1
3 of a nn, and 1

3 of a pn
pair.

The corresponding relative probabilities for K = 0 pairs,

nMT
(k,K = 0)∑

MT
nMT

(k,K = 0)
, (18)

are shown in Fig. 9. The first observation is that the relative
probabilities are rather similar for the AV8′ and N3LO
interactions. At low momenta both show a ratio close to 1

4
to find pp versus pn pairs. This is to be expected because an
uncorrelated system of two protons and two neutrons can form
one pp pair, one nn pair, but four pn pairs.

Around k ≈ 1.8 fm−1 the minimum in the S,T = 0,1
channel (see Fig. 5) together with the l = 2 contribution from
the tensor interaction in the S,T = 1,0 channel (see Fig. 6)
enhances the relative probability to find a pn pair to almost
100%. This dominance of pn pairs has been observed in ex-
clusive two-nucleon knockout experiments [13,15]. Recently
the pn to pp ratio has been measured for relative momenta k
from 2.5 fm−1 up to almost 4 fm−1 [17] showing an increase
in the pp/pn ratio. Within the experimental uncertainties
the data agree with our results for both AV8′ and N3LO
interactions.

IV. SUMMARY AND CONCLUSIONS

In this paper we applied the SRG formalism for the
calculation of relative density and momentum distributions
of 4He. The 4He ground state wave functions are calculated in
the NCSM with the SRG evolved AV8′ and N3LO interactions
in two-body approximation. Two-body densities in coordinate
and momentum space calculated with the unevolved density
operators illustrate how short-range correlations are eliminated
by the SRG evolution. With increasing flow parameter α
the interaction gets “softer” and the wave functions become
essentially uncorrelated mean-field wave functions without
correlation holes and high-momentum components. The short-
range or high-momentum information can be recovered by
calculating two-body densities with the SRG evolved density
operators, again in two-body approximation. Using these
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FIG. 8. (Color online) Relative probability to find pairs in the
different spin-isospin channels as a function of relative momentum.
For all pairs (top) or only for pairs with pair momentum K = 0
(bottom).
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interaction the relative probabilities are dominated by short-
range correlations. This influence of many-body correlations
is also related to a strong dependence on α. With increasing
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more and more similar to the relative probabilities of the K = 0
pairs shown in Figs. 8(c) and 8(d). As there is no significant
α dependence for the K = 0 momentum distributions, the
relative probabilities for the K = 0 pairs are independent
from α as well and are therefore not sensitive to many-body
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different. Differences in the relative probabilities between
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to find pp versus pn pairs. This is to be expected because an
uncorrelated system of two protons and two neutrons can form
one pp pair, one nn pair, but four pn pairs.

Around k ≈ 1.8 fm−1 the minimum in the S,T = 0,1
channel (see Fig. 5) together with the l = 2 contribution from
the tensor interaction in the S,T = 1,0 channel (see Fig. 6)
enhances the relative probability to find a pn pair to almost
100%. This dominance of pn pairs has been observed in ex-
clusive two-nucleon knockout experiments [13,15]. Recently
the pn to pp ratio has been measured for relative momenta k
from 2.5 fm−1 up to almost 4 fm−1 [17] showing an increase
in the pp/pn ratio. Within the experimental uncertainties
the data agree with our results for both AV8′ and N3LO
interactions.

IV. SUMMARY AND CONCLUSIONS

In this paper we applied the SRG formalism for the
calculation of relative density and momentum distributions
of 4He. The 4He ground state wave functions are calculated in
the NCSM with the SRG evolved AV8′ and N3LO interactions
in two-body approximation. Two-body densities in coordinate
and momentum space calculated with the unevolved density
operators illustrate how short-range correlations are eliminated
by the SRG evolution. With increasing flow parameter α
the interaction gets “softer” and the wave functions become
essentially uncorrelated mean-field wave functions without
correlation holes and high-momentum components. The short-
range or high-momentum information can be recovered by
calculating two-body densities with the SRG evolved density
operators, again in two-body approximation. Using these
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TABLE I. Number of pairs in the different (S,T ) channels for the
bare and SRG evolved AV8′ and N3LO interactions.

n
pair
α,ST = ñ

pair
α,ST (0,0) (0,1) (1,0) (1,1)

AV8′, bare 0.008 2.572 2.992 0.428
AV8′, α = 0.01 fm4 0.008 2.708 2.992 0.292
AV8′, α = 0.04 fm4 0.007 2.821 2.993 0.179
AV8′, α = 0.20 fm4 0.005 2.925 2.995 0.075

N3LO, bare 0.009 2.710 2.991 0.290
N3LO, α = 0.01 fm4 0.007 2.745 2.992 0.255
N3LO, α = 0.04 fm4 0.006 2.817 2.994 0.183
N3LO, α = 0.20 fm4 0.004 2.921 2.995 0.079

terms in Ûα and the transformed Hamiltonian Ĥα will have
a nontrivial spin and isospin dependence.

E. Relative momentum distributions for K = 0 pairs

Up to now we have investigated relative momentum
distributions for all pairs, indiscriminate of the pair momentum
K. It has been found that the relative momentum distributions
depend quite significantly on the pair momentum [23,44]. In
the context of this paper it is interesting to see how this is
related to many-body correlations.

We might expect that back-to-back pairs with K ≈ 0 are less
affected by many-body correlations than pairs with a large pair
momentum K. In a K = 0 pair with large relative momentum
k both nucleons have large individual momenta. For pairs with
large pair momentum K however there is a high probability
that one of the nucleons has a momentum less than or close
to Fermi momentum. We would therefore expect that these
nucleons are interacting more strongly with other nucleons
and therefore are susceptible to many-body correlations.

In order to study this we investigate the more exclusive joint
probability ñα,ST (k,K) to find a nucleon pair with spin S and
isospin T at relative momentum k and total pair momentum
K . It is calculated with the two-body operator

n̂lST (k,K) =
∑

mMSMT

|klm,SMS,T MT 〉〈klm,SMS,T MT |

⊗
∑

LM

|KLM〉
(

A

A − 2

)3/2

〈KLM|, (15)

where |KLM〉 denotes the spherical momentum representa-
tion of the relative momentum of the pair with respect to the
A − 2 remaining nucleons. The factor ( A

A−2 )
3/2

originates from
the transformation from Jacobi coordinates to the coordinates
k and K; see Appendix D. In this paper we consider only pair
momentum K = 0 for which the sum over L,M reduces to
L = 0,M = 0.

The momentum distributions ñα,ST (k,K = 0), obtained by
summing ñα,lST (k,K = 0) over l, are displayed in Fig. 5.
One sees that in all S,T channels the results are essentially
independent on α. We can also observe that with increasing
flow parameter α the momentum distributions ñα,ST (k), as
shown in Fig. 4, become more and more similar to the
momentum distributions ñα,ST (k,K = 0). This consistently
tells us that for pairs with total momentum K = 0 many-body
correlations are not very important, as anticipated in the discus-
sion above. The K = 0 pairs are therefore the best candidates
for experimental studies of short-range two-body correlations.
Similar considerations can be found in Refs. [12,23,44].

We can also notice significant differences between the
two even channels. In the S,T = 0,1 channel the momentum
distribution has a node at relative momenta of about 1.8 fm−1.
This is very different in the S,T = 1,0 channel. Here the
momentum distribution does not show a minimum and the
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FIG. 5. (Color online) AV8′ (top) and N3LO (bottom) relative momentum distributions for pairs with vanishing pair momentum K = 0 in
the different spin-isospin channels obtained with SRG transformed density operators.
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Fig. 6. Excitation energy of the residual 14N nucleus after
correction for random coincidences. The positions of the four
lowest states in the 14N are shown.

random coincidence. The hatched area indicates the Em

region covered in the excitation energy spectra of figs. 6
and 10.

As can clearly be seen in fig. 5 the largest contribution
of random events was from those associated with a random
neutron in the TOF detector. With the trigger used, when
there was an acceptable electron-proton event, the TOF
detectors were read out giving rise to the large number of
random events covering the time window sampled.

The contributions from the different types of random
events are determined from analysing data in different re-
gions on a te−p vs. tn plot, where te−p is the time dif-
ference between electron and proton detection and tn is
the neutron flight time. The arrival time distribution of
random neutrons falls exponentially with increasing flight
time [41]. This is because, with the QDC gates being con-
trolled by the electron detector trigger, a particle from
a nuclear reaction other than the one that triggered the
electron detector can arrive earlier in time than the cor-
responding neutron. This particle can “steal” the QDC
gate and the information pertaining to this second parti-
cle is processed by the detector instead. The chance of this
happening falls exponentially with neutron flight time. To
account for this a correction factor was applied to the
random neutron events when performing the background
subtraction: an exponential function was fitted to a re-
gion in the neutron flight time spectrum where only ran-
dom events were expected and this was extended over the
prompt-event region [40]. The ratio of number of events
in the prompt region, determined using the fit, to that in
the random region was then used as the correction factor.
The factor fc used was 1.037.

Having selected the regions to be used in the subtrac-
tion the number of prompt coincidences was determined
using

True(e′pn) = N(e′pn) − fcN(e′p) −N(e′n)+(pn) + fcNs, (4)

where the subscript terms in brackets represent the differ-
ent types of coincidence-event regions and the subscript
s represents the threefold uncorrelated events; fc is the
correction factor applied to the random neutron events as

described above. The addition of fcNs corrects for the “ex-
tra” subtraction of 3-fold randoms included in the fcN(e′p)

term. In the (e′p) and (s) samples the neutron flight times
were reassigned to be within the prompt neutron time re-
gion in order to determine the correct neutron energies.
The time ranges covered by the TDCs was insufficient to
obtain separate samples of the (e′n) and (pn) regions so
these two contributions were treated as if they were all
(e′n) events. Analysing the joint (e′n) and (pn) as (pn)
events was also tried but this made no appreciable differ-
ence to the final results, the large random neutron contri-
bution dominating the subtraction.

After the subtraction procedure is carried out real
(e, e′pn) coincidence events are left, as shown in the 14N
excitation spectrum of fig. 6. The peak at ≈ 4MeV corre-
sponds to the position expected for the 3.95MeV (1+)
state. A range of other states are observed in 14N at
Ex ≥ 9MeV. This is discussed further in the results sec-
tion

4.4 Determination of cross-sections

The cross-section for a given kinematic variable X (e.g.,
pm) is determined in the following way:

d8σ

dV 8
(X) =

∫

Ex

N(X)∫
LdtV(X)

∣∣∣∣
δT2

δEx

∣∣∣∣ dEx , (5)

where N(X) represents the number of true (e, e′pn) events
for a given excitation energy range,

∫
Ldt is the integrated

luminosity and V(X) is the experimental detection volume
in phase space. The factor |δT2/δEx| is a Jacobian where
T2, in this case, is the neutron kinetic energy and Ex is
the missing energy range over which events are integrated.

The detection volume is calculated using a Monte
Carlo method with a nine-dimensional volume V [42]. It
takes into account the energy and angular acceptances of
each of the detectors involved in the experiment. The neu-
tron detection efficiency of the TOF detector system was
included as a weight for events generated with the Monte
Carlo method.

In electron scattering experiments the electron of in-
terest can radiate photons reducing the energy of the in-
coming or scattered electron. This is usually evident in
reconstructed missing energy spectra by the presence of a
radiative tail, an example of which can be seen in fig. 7.
The Monte Carlo program used to determine the detection
volume includes multi-step radiative corrections following
the formulæ of Mo and Tsai [43] to account for this.

4.5 Energy resolution

The energy resolution of the apparatus determined from
calibration 2H(e, e′pn) data taken when H3 was used for
detection of the emitted proton. As the energy resolution
of Spectrometer A is better than that of H3 this procedure
only provides an upper limit of the energy resolution for
the 16O(e, e′pn) experiment.
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angle corresponds to pp q 35, where y„' is defined as
the angle between the ejected proton and q in the center-
of-mass frame of the virtual photon and the two protons.
The angle 0„=53 was the smallest angle at which data
could be taken with the proton detector in view of the
instantaneous singles count rate, which increases expo-
nentially with decreasing angle. To keep this count rate
in the individual detector elements below 1 MHz and the
dead time below 10%%uo, a 3 mm Pb absorber was placed in
front of P&, which changed the energy acceptance of PI to
58—203 MeV. The angular correlation between the two
emitted protons was measured by varying the position of
the P2 detector around the angle 0~, = —104, which cor-
responds to y' —y„', = 180 and to which we there-
fore will refer as the conjugate angle of 0„, = 53'.
The proton detectors were calibrated by using protons

from the reaction ' H(e, e'p) and from the inclusive reac-
tion '2C(e, p). From the latter reaction the correlations
between the energy losses of protons in the various layers
were used. Shifts in the photomultiplier gain and in the
baseline of the analog pulses, caused by variations in the
high instantaneous count rates, were monitored by a laser
system. This system was also used to determine the elec-
tronic dead time for the individual scintillator channels.
The corrections for these inefficiencies and for those due
to hadronic interactions and multiple scattering of the
protons were determined by simulating the response of
the proton detectors in a Monte Carlo procedure using
the code GEANT [9]. The energy resolution in the two
proton detectors is 2.5%%uo, and the resulting resolution in
the missing energy for two-proton knockout is 6 MeV.
The total systematic error in the measured '~C(e, e'pp)

cross section is 5', which is small compared to the sta-
tistical errors. The largest contribution to the systematic
error stems from the target thickness, which was deter-
mined by measuring the cross section for elastic electron
scattering off ' C. This error amounts to 3%.
The statistical errors in the (e, e'pp) cross sections

are determined by the sum of the real triple coincidence
events and the four types of accidental coincidence events.
The ratio between the various contributions to the triple
coincidence peak is N(e p, p2)/N(e p~) p2/N(e p2) p, /N(p, p, ),~/
N, „,~, = 50%/20%/5%/17%/8%, where the particles be-
tween brackets are coincident in time.
In the upper panel of Fig. 1 the number of true triple

coincidences measured at y' = 35' is displayed as a
function of the double missing energy E2 —= F, —F.,
T~, —T~, —T„„;]. The ninefold differential cross sec-
tion presented in the lower panel of Fig. 1 is obtained by
normalizing the number of true triple coincidence events,
after corrections for inefficiencies and radiative effects, to
the total luminosity and the experimental phase space.
A thorough treatment of the radiative corrections,

which is extremely complicated for (e, e'NN) reactions,
is not needed. This can be understood from the fol-
lowing. If the electron loses an amount of energy e~
before or after scattering takes place, the actual en-
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FIG. 1, In the upper panel the total number of triple coinci-
dences, measured for ()„, = 53 (y„', = 35') and 0» = —90',—104, and —118, is displayed as a function of the double
missing energy E2 . The data have been corrected for inef-
ficiencies and accidental coincidences. In the lower panel the
cross sections obtained from these data are presented. They are
corrected for radiative effects.

ergy transfer is lowered by e~, while ~q~ is reduced to
first order by = (w/~q~)e~ and cosO~ is increased by= e~/~q~(1 —cu/(q~). This implies that the detected pro-
tons are emitted at a somewhat lower y', for which,
however, the detectors are still centered around the con-
jugate angles. For example, at ru = 212 MeV and ~q~ =
270 MeV/c and with y„', = 35 the change in y„' is
—0.15 deg/MeV. Taking into account that the relevant
part of the missing-energy spectrum covers a range of
50 MeV, one obtains Ay„' ~ 8 . Assuming, further-
more, that the (e, e'pp) cross section depends only weakly
on cu and pp q the radiative corrections will only slightly
change the measured integrated cross sections. This
assumption is confirmed by the calculations discussed
later and by the results of a '2C(e, e'pp) measurement
at co = 263 MeV, ~q~ = 303 MeV/c, and y„', = 50 .
The experimental cross section integrated over the range
E2 = 25—75 MeV is (46 ~ 33) X 10 '2 fm2/MeV2 sr3
[10], which is somewhat lower than the corresponding
values in the dip region given in Table I. The radiative
corrections, however, affect the F2 spectrum. This cor-
rection can be calculated in a way similar to that for
the (e, e'p) data [11],taking the dependence of the cross
section on F2 into account. The result is an increase
of the cross section in the regions F2 = 25—30 and
50—75 MeV with 24% and 12%%uo, respectively.
In Fig. 1 the data measured at three positions of detec-

tor P2, i.e., Op, = —90, —104, and —118, are summed
to increase the statistical accuracy of the data. Although
the statistical errors are still large, one can clearly distin-
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the determination of proton events. The most important
corrections are those for the dead times of the frontend
electronics and trigger system, multiple hits in the first
layers of the proton detectors, and multiple-scattering and
hadronic interactions in these detectors. The dead times
of the frontends were determined using a laser/testpulse
system. The corrections made for hadronic interactions
and multiple scattering effects in the proton detectors
result from simulations of the detector response performed
with the GEANT Monte-Carlo code [12].
The ninefold-differential cross sections were obtained

by subtracting the contribution of accidental coincidences
and by normalizing the corrected yields to the total lumi-
nosity and the detection volume. The cross sections are
presented as a function of three variables: the excitation
energy E

x

of the final nucleus 14C, the missing momen-
tum p

m

, defined as jp
m

j ≠ jq 2 p1 2 p2j, and the angle
g1 between the momentum of the proton emitted in the
forward direction and the transferred momentum q. For a
particular state, the p

m

distribution is characterized by the
angular momentum of the center-of-mass motion of the
knocked out proton pair in the initial state, which in turn
is linked, by angular momentum conservation, to the an-
gular momentum associated to the relative motion of the
two protons in the initial state. Hence, one may expect that
the p

m

distribution will reflect the contributions of the vari-
ous partial waves for the relative motion, notably those for
the 1

S0 and 3
P waves [10]. The dependence of the cross

sections on g1 is expected to provide information on the
reaction mechanism, since calculations indicate that the
contributions of one- and two-body currents to the cross
section exhibit a different trend as a function of g1.
The E

x

distribution was corrected for the effects due to
radiation processes, in a way similar to that for (e, e0) data.
It was argued in Ref. [13] that an unfolding procedure for
more than one variable in an (e, e0

pp) reaction, which
is extremely complicated, is not always needed. In the
present experiment, the effects of omitting the unfolding of
the cross sections as a function of p

m

and g1 is negligible
in view of the resolution of the distributions in these
variables, which are 7 MeVyc and 0.8±, respectively. Note
that the corrections made for the E

x

spectrum are also
accounted for in the p

m

and g1 distributions for selected
regions in E

x

.
The total systematic error in the cross sections, which

is (26%, 116%) is mainly determined by the uncertainty
in the integrated luminosity (3%), the uncertainty in the
correction for hadronic interactions and multiple scatter-
ing effects (5%), and the uncertainty in the determination
of the electronics live times (110%).
The cross sections as a function of each of the variables

E

x

, p

m

, and g1 were obtained by summing the cross
sections for selected bins in the other two variables
(weighted with sing1 to account for the phase space) and
by dividing the resulting sum by the (weighted) number
of bins.

In Fig. 1 the differential cross sections, averaged over
the p

m

range from 50 to 350 MeVyc and the g1 range
from 10± to 40±, are shown as a function of the excitation
energy. The five lowest-lying states that are expected to
be excited in the 16Ose, e0

ppd14C reaction are indicated by
their values J

p . As argued in Ref. [10], their excitation
energies were partly taken from previous experiments and
partly estimated on the basis of calculations.
The experimental energy resolution of 3.9 MeV FWHM

does not allow the separation of the individual states,
except the ground state. Consequently, the eightfold-
differential cross section for the transition to a particu-
lar state cannot be determined exclusively. Instead, the
ninefold-differential cross section was integrated over
three, suitably chosen, intervals of the excitation energy.
The first interval ranges from 24 to 4 MeV and contains
almost exclusively the strength of the ground-state transi-
tion. The strength in the E

x

interval from 4 to 9 MeV can
be assigned predominantly to the excitation of the 21

1 state,
of which the centroid excitation energy is 7.7 MeV. The
contribution of the next state (Jp ≠ 11, E

x

≠ 11.3 MeV)
to this interval is small. Finally, the strength in the inter-
val from 9 to 14 MeV can be attributed to the excitation
of the 11 and 01

2 (estimated energy E

x

≠ 12 MeV) states.
Because of the increasing strength of the continuum,
which stems from multinucleon emission and the knock-
out of one or both emitted protons from the 1s shell, it is
difficult to extract accurate information on the (e, e0

pp)
process from the data for E

x

$ 14 MeV. Therefore, only
the cross section distributions for the three bins mentioned
above are considered and presented in Fig. 2 as a function
of p

m

and g1.
It should be noted that the recoil factor, ≠E2y≠E

x

, in
the expression of the eightfold-differential cross section
has not been taken into account. This factor cannot be
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FIG. 1. The ninefold-differential cross section as a function
of the excitation energy, averaged over missing momenta
between 50 and 350 MeVyc and over g1 between 10± and 40±
(dsydV ≠ d

9sydE

e

0
dV

e

0
dE1dV1dE2dV2). The measured

cross sections are indicated with the solid circles. The error
bars represent the statistical uncertainty. The curves correspond
to results of a microscopic calculation (see text).
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acceptance was large enough to be sensitive to the magni-
tude of the c.m. motion.

To avoid distortions due to the finite acceptance of
BigBite, we compared the measured distributions of these
components to simulated distributions that were produced
using MCEEP [19]. The finite angular and momentum ac-
ceptances of BigBite were modeled in the simulation by
applying the same cuts on the recoiling protons as were
applied to the data. The simulations assume that an elec-
tron scatters off a moving pp pair with a c.m. momentum
relative to the A-2 spectator system described by a
Gaussian distribution, as in [20]. We assumed an isotropic
3-dimensional motion of the pair and varied the width of
the Gaussian motion equally in each direction until the best
agreement with the data was obtained. The six measured
distributions (two components in each of the three kine-
matic settings) yield, within uncertainties, the same width
with a weighted average of 0:136! 0:020 GeV=c. This
width is consistent with the width determined from the
(p; ppn) experiment at BNL [5], which was 0:143!
0:017 GeV=c. It is also in agreement with the theoretical
prediction of 0:139 GeV=c in Ref. [20].

The measured ratio of 12C"e; e0pp# to 12C"e; e0p# events
is given by the ratio of events in the background-subtracted
TOF peak (inset in Fig. 2) to those in the shaded area in the
Emiss spectrum of Fig. 2. This ratio, as a function of pmiss in
the 12C"e; e0p# reaction, is shown as the full squares in the
upper panel of Fig. 4. The uncertainties are dominated by
statistical errors; the uncertainty due to separating out
events from ! production is small ($ 10%).

The measured ratio can be translated to the ratio of the
ninefold differential cross section for the 12C"e; e0pp#
reaction to the sixfold differential cross section for the
12C"e; e0p# reaction. This ratio is presented as the open
squares in Fig. 4. For simplicity, the error bars on the
differential cross-section ratios are not shown because
they are very similar to those of the yield ratios.

The measured ratios in the upper panel of Fig. 4 are
limited by the finite acceptance of BigBite. We used the
simulation described above to account for this finite ac-
ceptance; the resulting extrapolated ratios are shown in the
lower panel of Fig. 4. The simulation used a Gaussian
distribution (of width 0:136 GeV=c as determined above)
for the c.m. momentum of the pp pairs. The shaded band in
the figure corresponds to using a width !0:040 GeV=c (2
standard deviations). The extrapolation procedure was
tested by segmenting the acceptance of the spectrometer
and checking that the results were consistent. From this
result, we conclude that in the pmiss range between 0.30 and
0:60 GeV=c, "9:5! 2#% of the 12C"e; e0p# events have a
second proton that is ejected roughly back-to-back to the
first one, with very little dependence on pmiss.

While the detected protons are correlated in time, effects
other than pp-SRC, such as FSI, can cause the correlation.
In fact, FSIs can occur between protons in a pp-SRC pair
as well as with the other nucleons in the residual A-2
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FIG. 4 (color online). The measured and extrapolated ratios of
yields for the 12C"e; e0pp# and the 12C"e; e0p# reactions. The full
squares are the yield ratios and the open squares are the corre-
sponding ratios of the differential cross section for the
12C"e; e0pp# reaction to that of the 12C"e; e0p# reaction. A
simulation was used to account for the finite acceptance of
BigBite and make the extrapolation to the total number of
recoiling proton pairs shown in lower figure. The gray area
represents a band of !2! uncertainty in the width of the c.m.
momentum of the pair.
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quasielastic reactions with low s for the p-p collisions.
Protons in the nucleus with longitudinal momentum in
the same direction as the beam are thus more likely to be
knocked out. We therefore weighted each event by a cor-
rection factor equal to !s=s0"9 to obtain the nuclear dis-
tributions without the reaction bias, where s0 is the total
c.m. energy for pp ! pp at each beam momentum, and s
is calculated for each event from pf for that event.

In Fig. 3 we show plots of !p, !n, and !p # !n (all
with s-weighting) for events with pn > kF. We note for
Fig. 3 that !p is generally <1 and !n > 1. Of course, our
placement of the neutron detectors primarily in the back-
ward hemisphere forces !n to be largely > 1. In Fig. 3, the
spread of !n # !p about 2 should be due to the c.m.
motion of the pair. Ciofi degli Atti et al. [10] emphasized
the importance of the c.m. motion of correlated pairs for
explaining nucleon spectral functions at large momenta
and removal energies.

In the longitudinal direction,

pcm
z $ pnz # pfz: (3)

By approximating Ep % En % m, we obtain

!p # !n $
!
1& pfz

m

"
#
!
1& pnz

m

"
; (4)

which leads to

pcm
z $ 2m

!
1& !p # !n

2

"
: (5)

The longitudinal momentum of the particles in their c.m.
frame can be extracted from the difference of the !
variables. Approximating Ep % En % m, we obtain

!p & !n $
!
1& pfz

m

"
&
!
1& pnz

m

"
$

!
pnz & pfz

m

"
; (6)

which leads to

prel
z $ mj!p & !nj: (7)

Figures 4(a) and 4(b) are plots of pcm
z and prel

z . For pcm
z

in Fig. 4(a), the centroid is &0:013' 0:027 GeV=c. The
spread in the distribution is " $ 0:143' 0:017 GeV=c.
For prel

z in Fig. 4(b), the centroid is 0:289' 0:017 GeV=c,
and " $ 0:097' 0:007 GeV=c.

An interesting number which can be extracted from our
data is the fraction of 12C!p; 2p" events which have cor-
related neutrons with pn % &pf when pn; pf ( kF. To
extract this number, we need to correct the measured
neutron flux for neutron detection efficiency and flux
attenuation, and for solid-angle coverage. Our neutron
detectors were placed almost entirely in the backward
hemisphere, so we calculate the fraction of 2# sr for the
backward hemisphere covered by our detectors.

What we then calculated was

F $ corrected No. of!p; 2p# n" events
No. of!p; 2p" events

$ A
B

(8)

for the same data sample. B was obtained by applying
cuts (i), (ii), (iii), and (v) to events with pf ( kF for our
5.9 GeV runs excluding the data reported in [2]. The
quantity B $ 2205 then was all events satisfying the
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firms that the (p, pn) channel dominates. The equivalent
result from the PH simulation (2.26+0.07 mb) greatly
exceeds the total cross section.
Integration of the area under the simulation curve

(solid line in Fig. 3) suggests that the (p, pn) cross sec-
tion for E~=145—157 MeV which is not significantly dis-
turbed by FSI is 0.51+0.02 mb. Comparing with the
total absorption cross section [and neglecting contribu-
tions other than from (p, pn)] shows that the combined
transmission for both nucleons is about 0.73. Assum-
ing similar proton and neutron transmissions this result
is consistent with the lower limit for neutron transmis-
sion of 0.81 derived by comparing the (p, p) and (p, pn)
yields as described by Harty et al. [28]. Thus the excess
strength at high missing energy can be accounted for,
without introducing absorption mechanisms other than

0
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FIG. 4. Dalitz plots for the C(p, pn) and C(p, pp) re-
actions for E~ = 133—157 MeV. The straight lines indicate
the detector thresholds. TI, T2, T„, and T are the detected
nucleon, recoil and total kinetic energies in the p+ C cen-
ter-of-momentum system and k = (M„+MwM„) 2 /2MwT
where M~ and M„are the nucleon and recoil rest masses,
respectively.
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0& P~ &60 MeV/c by renormalizing the high energy
part of the spectrum so that the relative strengths of the
s-shell and p-shell parts were in the ratio of the num-
bers of s- and p-shell nucleons in C. As no (e, e'n) data
are available, the single-neutron knockout spectrum was
approximated by shifting the energy scale of the modi-
fied zC(e, e'p) spectrum by 4.5 MeV to give the correct
C(p, pn) reaction threshold. The result of folding these

two spectra together with a 7 MeV FTHM Gaussian
to simulate the present experimental resolution is shown
by the smooth solid line in Figs. 3 and 5. The dashed
line in Fig. 5 results from using the relative pp, sp, and
ss absorption strengths at E~ = 151 MeV calculated by
Ryckebusch et al. [5] instead of the numbers of pairs cal-
culated from the shell occupations. The simple calcula-
tion gives a good account of the shape of the C(p, pn)
missing energy spectra up to 65 MeV. Although the
use of calculated absorption strengths gives a slight im-
provement at high missing energy, this gives a poorer Gt
overall. Both predictions underestimate the strength at
higher E . This may be due to more complex absorption
mechanisms or may result from differences between the
FSI efFects in (e, e'p) and (p, 2N) reactions.
It is instructive to compare the cross section integrated

over E (Table I) with the known [27] total photoabsorp-
tion cross section (ot t 0.7 mb at 150 MeV). Because
of the truncation of the E spectra caused by the nu-
cleon detector thresholds this direct comparison is best
done for the highest E~ bin (145—157 MeV) where the
integration can be reliably taken up to E = 90 MeV.
For the 2N mechanism the result (0.690+0.026 mb) con-

P'

o
0.6—

UJ

V) 0.5—
O
CE~ 0.4—

"c(&pp)
E g =145—157 NeV

0.0
0 20 40 60 80

MISSING ENERGY ( «V )

100

PIG. 5. The 2C(p, pn) and C(p, pp) missing energy spec-
tra for E~ = 145—157MeV. Correction for detector geometry
and threshold efFects has been applied using the 2K simula-
tion. The smooth lines result from folding spectra derived
from C(e, e'p) data as described in the text.
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The photon beam impinged on a target consisting of
0.4 mm H2O contained between two 12 mm stretched
mylar foils [12]. Protons emitted from the target were
detected by a DE-DE-E telescope with thin plastic scin-
tillator DE elements and an E detector consisting of a
5 3 4 array of 25 3 25 3 30 mm3 CsI scintillators, read
out by photodiodes [13]. A proton energy resolution of
!800 keV was obtained, determined mainly by the un-
certainty of the proton energy lost in the target, the intrin-
sic resolution of the detector being !300 keV. Neutrons
were detected by an array of 36 NE110 plastic scintilla-
tor bars (1.8 3 0.2 3 0.1 m3 and 3.0 3 0.2 3 0.05 m3)
read out by photomultipliers at both ends [14,15]. The
detectors were arranged in four walls, as shown in Fig. 1.
The neutron energy was determined by the time-of-flight
method, the start-signal being supplied by the proton de-
tector. With a !0.8 ns time-resolution and a 3.7–4.9 m
flight path, an energy resolution of !1 MeV was obtained
for the neutron energies of interest. The neutron detection
efficiency, determined with a Monte Carlo code [16], was
!11% 13%, depending on the neutron energy and posi-
tion in the detector. The data presented here show the
results from the backward four columns of the CsI array,
covering an angular range of 60± 100± with a solid angle
of 354 msr, and the central neutron-detector wall, cover-
ing 81± 103± and 157 msr. This angular combination of
the detectors follows the kinematics of the D"g, pn# reac-
tion and the solid angles are sufficiently large to sample a
substantial portion of the angular distribution of that reac-
tion. Most of the yield from the 16O"g, pn# reaction was
found in this quasideuteron configuration.

FIG. 1. Overview of the experimental area.

The analysis method is extensively reported in [17], and
is briefly outlined in the following. For each event, the
photon energy and the proton and neutron energies and
directions were measured, enabling a determination of the
missing energy, through the expression

Emiss !
q

"Eg 1 mtarget 2 Ep 2 En#2 2 jkg 2 kp 2 knj2

1 mp 1 mn 2 mtarget (1)

where E, k, and m (with obvious indices) indicate en-
ergy, momentum and mass. A missing-energy spectrum
for events characterized by a triple coincidence between
the proton, neutron, and focal plane detectors was con-
structed, and random coincidences were subtracted. The
resulting spectrum included events from the target-cell
walls and surrounding air. Therefore, a background mea-
surement with an empty target cell was subtracted from
the foreground spectrum, yielding the contribution from
the desired 16O"g, pn# events. In order to reduce back-
ground and avoid excessively large efficiency corrections,
several conditions, such as energy thresholds, were im-
posed on the data. The resulting missing-energy spectrum
is shown in Fig. 2, and the peaks are identified as the
"11, 0# ground state, "11, 0# 3.95 MeV state and "21, 0#
7.03 MeV state of the residual 14N nucleus (the separation
energy for the reaction is 23.0 MeV). These are the same
states strongly populated in the 16O"p1, pp#14N [18] and
16O"d, a#14N [19] reactions. Cross sections were deter-
mined for each of the resolved states and are shown in
Table I. Because of the energy thresholds and ,4p solid
angle, these are not total cross sections but rather cross
sections averaged over the acceptance of the detector sys-
tem. The cross section for the 2.31 MeV state, not seen
in the spectrum, is estimated to have an upper limit of

FIG. 2. Missing-energy spectrum for the 16O"g, pn#14N reac-
tion. The peaks are identified as the ground state, 3.95 MeV
state and 7.03 MeV state of the residual 14N nucleus (the sepa-
ration energy for the reaction is 23.0 MeV). No population of
the first excited state at 2.31 MeV is observed. The solid line
shows a fit of three Gaussians to the data (used for obtaining
the cross sections).
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fer, which favors the detection phase space acceptance of this
experiment, absorption on a T!1 nucleon pair is estimated
to be less than 10% of the cross section to the 3.95 MeV
state. Although absorption on L!2 pairs is not evident in the
present measurement, absorption on L!2 pairs has been pre-
viously demonstrated !28".
As a consequence of the absence of the L!2 angular

momentum transfer states, it is assumed that the contribution
to the cross section by absorption on nucleon pairs with
center-of-mass motion characterized by L!2 (L"2) is
small #negligible$ for the angular region of approximately
#15° around the quasifree angle. Applying the zero-range
approximation, l!0, parity and antisymmetry relations to
the present results, and noting T!1 absorption is sup-
pressed, restricts the quantum numbers so that a (1p)$2

nucleon pair must be uniquely determined as L!0, S!1,
and T!0. This approximation when applied to the con-
tinuum implies that the quantum numbers for a
(1p)$1(1s)$1 pair coupling are L!1, S!1, and T!0
while those for a s$2 pair are the same as those for a (1p)$2

pair. However, in a recent measurement of the 12C(% ,pn)
reaction !29" for the photon energy range E%
!120–150 MeV the angular distribution of the detected pn

pairs was observed to be different from the deuterium case.
The authors interpret this as evidence for the fact that the
quasideuteron assumption does not fully describe the photo-
absorption on proton-neutron pairs in nuclei. The zero-range
assumption therefore may not be reasonable in light of this
recent result. Relaxing the zero-range approximation and as-
suming absorption on nucleon pairs L&2 is insignificant, for
the present measurement, leads to the possibility that the
nucleon pair can have a relative partial wave composition of
l!0,1,2 for all possible nucleon shell couplings. If the re-
striction that T!0 is enforced, then the appropriate choice of
the spin (s!0,1) and center-of-mass motion (L!0,1) of the
pair, must be used for parity and antisymmetrization consid-
erations for the specific relative partial wave composition.
However, since no unnatural parity angular momentum
transfer states have been measured the possibility for L!1
on (1p)$2 or (1s)$2 couplings or L!0 for (1p)$1(1s)$1

coupling seems unlikely. This then restricts the quantum
numbers of the pair to be T!0, s!1 and l!0,2 with
L!0 for (1p)$2 or (1s)$2 couplings and L!1 for a
(1p)$1(1s)$1 coupling.
The ability to compare calculations to data for correlated

particles has been examined !30" and demonstrated to be a
significant task. In particular, comparing calculations made
with the recoil momentum PR!0 MeV/c was demonstrated
to be an insufficient matching of phase space between ex-
periment and calculation. This should not be too surprising
as the experimental yield is identically zero for
PR!0 MeV/c . In fact the most important scaling variable
of the cross section is PR . This is nicely demonstrated by the
pion absorption measurement !14" which measured the an-
gular correlation for the 3.95 MeV state in 14N at the quasi-
free angle and 20° out of plane at the quasifree angle. The
angular correlation function still possessed a reasonable
Gaussian-like distribution and had the approximate magni-
tude expected for the recoil momentum acceptance even at
this extreme out of plane angle. This confirms the dominance
of the scaling variable PR in the data.
The measured cross sections, differential in the geometric

proton and neutron solid angles, are given in Table II along
with the results of the calculations described in Refs. !18,19".
Both sets of calculations were performed in coplanar kine-
matics for 'p!82° and 'n!$77° and for a photon energy
E%!120 MeV. Furthermore, both sets of calculations con-
tain MECs and (-isobar currents, and only differ on which
type#s$ of correlations are included, central or state depen-
dent correlations. The calculations were performed with and
without the inclusion of tensor correlations and an integra-
tion over the recoil momentum PR was performed. The col-
umn with the superscript cal2 includes MECs and (-isobar
currents as well as both central and tensor correlations, and
was performed for various excited states of the residual 14N
nucleus. The column with the superscript cal1 differed from
cal2 by omitting only tensor correlations from the calcula-
tion. It is known that central correlations are predicted to
have only a marginal effect on the magnitude of the (% ,pn)
cross section !18". The magnitude of the tensor correlations
was regulated by means of the tensor correlation function
f t)(r12) from the variational 16O calculations by Pieper et al.

FIG. 7. The yield spectrum for both CsI detectors for the exci-
tation range from $18.0 MeV to 20 MeV. The discrete state at 3.9
MeV is identified with the 3.95 MeV (1%,0) level in 14N. Signifi-
cant yield in the continuum begins at approximately 20 MeV and is
thought to consist of removal of a p-shell and of a s-shell coupled
nucleon pair in the (% ,pn) reaction. The results seem to indicate a
clean measurement of the minimal shell removal energy for a
coupled p and s shell nucleon pair. Accounting for the excitation
energy resolution, the minimal shell removal energy is estimated to
be 20#2 MeV.

HIGH RESOLUTION MEASUREMENT OF THE . . . PHYSICAL REVIEW C 64 064602

064602-9

16O(γ,pn) at  SAL 
PRC64(2001)064602 

16O(γ,pn) at MAX-lab  
PRL83(1999)3146 
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Many	
  bound	
  states	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  =>	
  moderate	
  resolu@on	
  is	
  necessary	


R. Ent et al . / Nucl ear Physi cs A578 ( 1994) 93- 133

Fi g. 4. Mi ssi ng- ener gy spect r umof t he r eact i on 6Li ( e, e' d) .

The dat a wer e anal yzed as descr i bed i n Ref . [ 41] . I n shor t , t hi s anal ysi s i ncl udes:
( i ) r ej ect i on of par t i cl es ot her t han deut er ons, ( i i ) r ecop_st r uct i on of t he i nt er act i on
poi nt f r omt he measur ed wi r e- chamber i nf ormat i on [ 36- 38] , ( i i i ) sor t i ng t he dat a
i n Emand I pm1, ( i v) subt r act i on of t he acci dent al event s, wher e t he di st r i but i on of
acci dent al event s i s obt ai ned di r ect l y f r omt he exper i ment al dat a, ( v) di vi si on by
t he cal cul at ed det ect i on vol ume of coi nci dence event s i nM. , I pmI ) - space, ( vi ) a
possi bl e di vi si on by KQed or KQd, and ( vi i ) unf ol di ng of t he r adi at i ve t ai l .

Repr esent at i ve spect r a f or t he r eact i ons st udi ed ar e gi ven i n Fi gs . 3- 5. The f act
t hat t he spect r a ar e consi st ent wi t h zer o up t o t he t r ansi t i on t o t he gr ound st at e,

12C( e, e' d) 1°B
Ee=466 MeV
Em= 52 MeV

35 <p. < 85 MeV/ c

Fi g. 5. Exci t at i on- ener gy spect r umof t he r eact i on 12C; e, e' d) . The l abel s i ndi cat e J1, T.
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gi ven i n expr essi on ( 2) usi ngt he 1S har moni c osci l l at or wave f unct i on char act er i st i c
of t he mot i on of quasi - deut er ons i n t he s- shel l . The f ul l l i ne i n f i g. 5 r epr esent s
t he f i t t ed di st r i but i on havi ng qi ~a =233t 35 MeV/ c ( FWHM) whi ch cor r esponds
t o t he osci l l at or par amet er b° =1. 7 t 0. 25 f m. The moment umdensi t y at zer o i s
p( 0) _ ( 0. 51 t 0. 05) x 10- ' ( MeV/ c) - 3 . The wi dt h of t he moment umdi st r i but i on i s
ver y cl ose t o val ues obser ved i n t he r eact i ons 6Li ( p, pd)4He and 4He( p, pd) ZH
[ r ef s . l 4' 20) ] ( 220MeV/ c and 210 MeV/ c, r espect i vel y) .

The angul ar dependence of t he cor r espondi ng cr oss sect i on obser ved i n t he Eo, ; 
spect r a at 9p=147° and 110°, r espect i vel y ( see f i g. 2) i s i n accor dance wi t h t he
quasi - f r ee scat t er i ng mechani smpr edi ct i ng, wi t h t he above osci l l at or par amet er , a
r at i o of 0. 2 f or cr oss sect i ons i n t he t wo di r ect i ons compar ed wi t h 0. 24 as obt ai ned
i n t he exper i ment .

The sat i sf act or y agr eement wi t h t heor y suggest s t hat t he QFSon quasi - deut er ons
t akes pl ace al so i n t he s- shel l of ' Li . Fur t her mor e we may concl ude t hat t he s- shel l
of ' Li and 6Li has a si mi l ar st r uct ur e t o t he 4He nucl eus as f ar as t he t wo nucl eon
associ at i ons ar e concer ned.

3. 2. THE ' zC( p, pd) ' ° BREACTI ON

3. 2. 1. Mi ssi ng ener gy spect r um. Ther eact i on was measur ed at Ba =147° cor r es-
pondi ng t o t he condi t i ons of zer o r ecoi l moment um. The mi ssi ng ener gy spect r um
i s shown i n f i g. 6; t he sol i d l i nes r epr esent decomposi t i on by t wo gaussi an di st r i bu-
t i ons .

I n t he QFS pr ocess wi t hout spi n- f l i p onl y posi t i ve- par i t y T=0 st at es of t he
r esi dual 1° B nucl eus can be exci t ed. The exci t at i on ener gy and t he spi n of t he

N
z
E

W
V
a

V
n

b
v

1. Er i B' et al . / Quasi - f r ee scat t er i ng

 

325

Fi g. 6. Mi ssi ng ener gy spect r umi n t he i z C( p, pd) ' °Br eact i on at 9p =147° . The sol i d l i nes ar e gauasi an
di st r i but i ons.

12C,16O(p,pd)	
  PRC15(77)	
  843	
  
75	
  MeV@Louvain	
  

12C(p,pd)	
  NPA372(81)	
  317	
  
670	
  MeV@Dubna	
  

12C(e,e’d)	
  NPA578	
  (94)	
  93	
  
ω=52	
  MeV@ΝIKHEF	
  



(p,d)	
  reac1on	
  at	
  high-­‐momentum	
  transfer	
  

•  Use the neutron pick up reaction at large momentum transfer.���

d in forward 

Forward neutron in (p,d) reaction is 
equivalent to backward elastic 
scattering of p+d, which is dominated 
by a neutron pick-up. 

K. Sekiguchi et al., 
PRL 95 (2004) 162301 

Reaction at “backward” occurs via the  
pickup of high-momentum neutron.	



6	
  



 
 
 
 

400 MeV 

GRAF(Grand-­‐RAiden	
  Forward	
  mode):	
  
New	
  beam	
  line	
  for	
  low-­‐background	
  coincidence	
  measurement	
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[RCNP-E443] (p,dp) and (p,dn) experiments 
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p(n) 

d 

Spectrometer 5 ~ 19 deg 

To	
  GR	
  

Scin1llator	
  array	
  

400	
  MeV	
  proton	
  
20	
  pnA	
  	
  	
  	
  	
  	
  	
  	
  
60	
  mg/cm2	
  

	
  Ice(H2O)	
  and	
  CD2	
  

θGR=8.7o, 15.0o 
θBAND=112o ,135o 
             =>1.6 fm-1(15.0o) 
              1.4 fm-1(8.7o) 



Correla1on	
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  prec	
  and	
  Ex	
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prec= p5 = p1
(Beam)- p3

(GR)-p4
(BAND) 

e5 = e1
(Beam) + e2

(Target) - e3
(GR) - e4

(BAND) 
Ex = √(e5

2-p5
2) - m5	


‘HighBρ’-’0 MeV’-’20 MeV’-’40 MeV’	


  Notations: 
“2”(“1”, “3” “4”) “5”:  
12C(p,dp)10B 
16O(p,dp)14N	


Coincidence with p4	
Inclusive spectra in CD2&H2O(p,d)	

12C[D](p,d)	


16O(p,d)	


16O(p,dp)	


E
ne

rg
y 

of
 p

ro
to

n(
M

eV
) 	


 0                   40                  80 MeV	


 0                   40                  80 MeV	

 0                      40                     80MeV	


Excitation energy of 16O(p,d)	




Excita1on	
  energy	
  spectra	
  of	
  (p,dp)	
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Clear peaks can be seen with  
moderate energy resolution of 1.6 MeV [FWHM]	


12C(p,dp)	
 16O(p,dp)	


5,  Recoil momentum distribution
    Figure 6 shows a sample spectra of CD2 and Ice near recoil-less condition

Figure 6, Typical spectrum 

Caution;

! Half of data at forward angle, because GR setting (Q1) is different setting. 
! Full data sample at backward angle, but not analyzed natural carbon (not CD2).

-10           0            10           20           30	
 -10           0            10           20           30	


12C(p,dp)	
 16O(p,dp)	


Excitation energy of residual (MeV)	




Strong	
  suppression	
  of	
  T=1	
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The low energy excited 
states are well separated. 
Two main peaks are both 
(Jπ, T)=(1+, 0) 

T=1 state is observed in  
deuteron knockout experiment 
via (e,e’d) and (p,pd) 	


PRL62 (1989) 24 @NIKEFF 

PRC15(77) 843@Louvain 



How	
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  understand	
  	
  
T=1	
  suppression	
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Possible signature of tensor-force effect.  
Can also be examined via reduction in n-n pair 	


S=1 
T=0	


S=1 
T=0	


S=0 
T=1	


S=1 
T=0	


S=0 
T=1	
suppressed	


(p,pd) “knockout”	


(p,dp)	


(p,dn)	


“spin-flip”	


S=1 
T=0	




16O(p,dn)	
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First observation of neutron-neutron pair at high momentum  
near 2 fm-1.	




[RCNP-E443] (p,dp) and (p,dn) Experiments 
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    n  

d 

Spectrometer 5 ~ 19 deg 

To	
  GR	
  

Scin1llator	
  array	
  

400	
  MeV	
  proton	
  
20	
  pnA	
  	
  	
  	
  	
  	
  	
  	
  
60	
  mg/cm2	
  

	
  Ice(H2O)	
  and	
  CD2	
  

θGR=8.7o, 15.0o 
θBAND=112o ,135o 
             =>1.6 fm-1(15.0o) 
              1.4 fm-1  (8.7o) 



Comparison	
  of	
  16O(p,dN)@15o	
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Counts/2.5 MeV
¡n(510%) corrected

A
13N+p

A
10C+_

Counts/0.5 MeV

A

13C+p

A

13N+n

     -20            0            20           40     _          	
      -20            0            20           40     _          	

Excitation energy of residual (MeV)	


16O(p,dpQ) 14N 
           by QDC	


16O(p,dnT)14O 
          by TDC	


detection efficiency  
    ( ~10%) corrected	
Count/0.5 MeV	
 Count/2.5 MeV	


First n-n removal spectra in 16O with recoil-less condition 
      -80 MeV/c < prec < +80 MeV/c	


δΕ=0.7 MeV	
 δΕ=4.0 MeV	




Spectra	
  difference	
  in	
  16O(p,dN)	
  @15o	
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Counts/0.5 MeV

16O(p,dp)14N	

16O(p,dn)14O 

Direct comparison 
with ToF method for  
both proton and neutron	


With Similar Resolution 
2.5 MeV[σ] 
& 
4.0 MeV[σ incl F.P. uncertainly]	


     -20              0               20              40     _          	

Excitation energy of residual (MeV)	


Strong suppression  
is observed 	




High	
  momentum	
  component	
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FIG. 8. (Color online) Relative probability to find pairs in the
different spin-isospin channels as a function of relative momentum.
For all pairs (top) or only for pairs with pair momentum K = 0
(bottom).

case of the AV8′ and about 2.5 fm−1 in the case of the N3LO
interaction the relative probabilities are dominated by short-
range correlations. This influence of many-body correlations
is also related to a strong dependence on α. With increasing
flow parameter α the relative probabilities for all pairs become
more and more similar to the relative probabilities of the K = 0
pairs shown in Figs. 8(c) and 8(d). As there is no significant
α dependence for the K = 0 momentum distributions, the
relative probabilities for the K = 0 pairs are independent
from α as well and are therefore not sensitive to many-body
correlations.

It is interesting to note that the relative probabilities for
the K = 0 pairs are quite similar for the AV8′ and N3LO
interactions, even for very large relative momenta, whereas
the absolute values of the momentum distributions are very
different. Differences in the relative probabilities between
AV8′ and N3LO reflect differences in the relative importance
of tensor correlations for the two interactions due to differences
in the regularization of the tensor force.

G. Relative probabilities for pn and pp pairs

In an experiment one measures protons and neutrons and
not S,T pairs. Therefore we define the operator in two-body
space that measures the probability to find a pair of two protons
(pp: MT = 1) or a proton-neutron pair (pn + np: MT = 0) at
relative momentum k and pair momentum K as

n̂MT
(k,K) =

∑

lm,SMS,T

|klm,SMS,T MT 〉〈klm,SMS,T MT |

⊗
∑

LM

|KLM〉
(

A

A − 2

)3/2

〈KLM|. (17)
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FIG. 9. (Color online) Relative probability to find pn or pp pairs
with pair momentum K = 0 as a function of relative momentum.

In the case of 4He one T = 0 pair corresponds to one pn
pair, and one T = 1 pair to 1

3 of a pp, 1
3 of a nn, and 1

3 of a pn
pair.

The corresponding relative probabilities for K = 0 pairs,

nMT
(k,K = 0)∑

MT
nMT

(k,K = 0)
, (18)

are shown in Fig. 9. The first observation is that the relative
probabilities are rather similar for the AV8′ and N3LO
interactions. At low momenta both show a ratio close to 1

4
to find pp versus pn pairs. This is to be expected because an
uncorrelated system of two protons and two neutrons can form
one pp pair, one nn pair, but four pn pairs.

Around k ≈ 1.8 fm−1 the minimum in the S,T = 0,1
channel (see Fig. 5) together with the l = 2 contribution from
the tensor interaction in the S,T = 1,0 channel (see Fig. 6)
enhances the relative probability to find a pn pair to almost
100%. This dominance of pn pairs has been observed in ex-
clusive two-nucleon knockout experiments [13,15]. Recently
the pn to pp ratio has been measured for relative momenta k
from 2.5 fm−1 up to almost 4 fm−1 [17] showing an increase
in the pp/pn ratio. Within the experimental uncertainties
the data agree with our results for both AV8′ and N3LO
interactions.

IV. SUMMARY AND CONCLUSIONS

In this paper we applied the SRG formalism for the
calculation of relative density and momentum distributions
of 4He. The 4He ground state wave functions are calculated in
the NCSM with the SRG evolved AV8′ and N3LO interactions
in two-body approximation. Two-body densities in coordinate
and momentum space calculated with the unevolved density
operators illustrate how short-range correlations are eliminated
by the SRG evolution. With increasing flow parameter α
the interaction gets “softer” and the wave functions become
essentially uncorrelated mean-field wave functions without
correlation holes and high-momentum components. The short-
range or high-momentum information can be recovered by
calculating two-body densities with the SRG evolved density
operators, again in two-body approximation. Using these
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case of the AV8′ and about 2.5 fm−1 in the case of the N3LO
interaction the relative probabilities are dominated by short-
range correlations. This influence of many-body correlations
is also related to a strong dependence on α. With increasing
flow parameter α the relative probabilities for all pairs become
more and more similar to the relative probabilities of the K = 0
pairs shown in Figs. 8(c) and 8(d). As there is no significant
α dependence for the K = 0 momentum distributions, the
relative probabilities for the K = 0 pairs are independent
from α as well and are therefore not sensitive to many-body
correlations.

It is interesting to note that the relative probabilities for
the K = 0 pairs are quite similar for the AV8′ and N3LO
interactions, even for very large relative momenta, whereas
the absolute values of the momentum distributions are very
different. Differences in the relative probabilities between
AV8′ and N3LO reflect differences in the relative importance
of tensor correlations for the two interactions due to differences
in the regularization of the tensor force.

G. Relative probabilities for pn and pp pairs

In an experiment one measures protons and neutrons and
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space that measures the probability to find a pair of two protons
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are shown in Fig. 9. The first observation is that the relative
probabilities are rather similar for the AV8′ and N3LO
interactions. At low momenta both show a ratio close to 1
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to find pp versus pn pairs. This is to be expected because an
uncorrelated system of two protons and two neutrons can form
one pp pair, one nn pair, but four pn pairs.

Around k ≈ 1.8 fm−1 the minimum in the S,T = 0,1
channel (see Fig. 5) together with the l = 2 contribution from
the tensor interaction in the S,T = 1,0 channel (see Fig. 6)
enhances the relative probability to find a pn pair to almost
100%. This dominance of pn pairs has been observed in ex-
clusive two-nucleon knockout experiments [13,15]. Recently
the pn to pp ratio has been measured for relative momenta k
from 2.5 fm−1 up to almost 4 fm−1 [17] showing an increase
in the pp/pn ratio. Within the experimental uncertainties
the data agree with our results for both AV8′ and N3LO
interactions.

IV. SUMMARY AND CONCLUSIONS

In this paper we applied the SRG formalism for the
calculation of relative density and momentum distributions
of 4He. The 4He ground state wave functions are calculated in
the NCSM with the SRG evolved AV8′ and N3LO interactions
in two-body approximation. Two-body densities in coordinate
and momentum space calculated with the unevolved density
operators illustrate how short-range correlations are eliminated
by the SRG evolution. With increasing flow parameter α
the interaction gets “softer” and the wave functions become
essentially uncorrelated mean-field wave functions without
correlation holes and high-momentum components. The short-
range or high-momentum information can be recovered by
calculating two-body densities with the SRG evolved density
operators, again in two-body approximation. Using these
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TABLE I. Number of pairs in the different (S,T ) channels for the
bare and SRG evolved AV8′ and N3LO interactions.

n
pair
α,ST = ñ

pair
α,ST (0,0) (0,1) (1,0) (1,1)

AV8′, bare 0.008 2.572 2.992 0.428
AV8′, α = 0.01 fm4 0.008 2.708 2.992 0.292
AV8′, α = 0.04 fm4 0.007 2.821 2.993 0.179
AV8′, α = 0.20 fm4 0.005 2.925 2.995 0.075

N3LO, bare 0.009 2.710 2.991 0.290
N3LO, α = 0.01 fm4 0.007 2.745 2.992 0.255
N3LO, α = 0.04 fm4 0.006 2.817 2.994 0.183
N3LO, α = 0.20 fm4 0.004 2.921 2.995 0.079

terms in Ûα and the transformed Hamiltonian Ĥα will have
a nontrivial spin and isospin dependence.

E. Relative momentum distributions for K = 0 pairs

Up to now we have investigated relative momentum
distributions for all pairs, indiscriminate of the pair momentum
K. It has been found that the relative momentum distributions
depend quite significantly on the pair momentum [23,44]. In
the context of this paper it is interesting to see how this is
related to many-body correlations.

We might expect that back-to-back pairs with K ≈ 0 are less
affected by many-body correlations than pairs with a large pair
momentum K. In a K = 0 pair with large relative momentum
k both nucleons have large individual momenta. For pairs with
large pair momentum K however there is a high probability
that one of the nucleons has a momentum less than or close
to Fermi momentum. We would therefore expect that these
nucleons are interacting more strongly with other nucleons
and therefore are susceptible to many-body correlations.

In order to study this we investigate the more exclusive joint
probability ñα,ST (k,K) to find a nucleon pair with spin S and
isospin T at relative momentum k and total pair momentum
K . It is calculated with the two-body operator

n̂lST (k,K) =
∑

mMSMT

|klm,SMS,T MT 〉〈klm,SMS,T MT |

⊗
∑

LM

|KLM〉
(

A

A − 2

)3/2

〈KLM|, (15)

where |KLM〉 denotes the spherical momentum representa-
tion of the relative momentum of the pair with respect to the
A − 2 remaining nucleons. The factor ( A

A−2 )
3/2

originates from
the transformation from Jacobi coordinates to the coordinates
k and K; see Appendix D. In this paper we consider only pair
momentum K = 0 for which the sum over L,M reduces to
L = 0,M = 0.

The momentum distributions ñα,ST (k,K = 0), obtained by
summing ñα,lST (k,K = 0) over l, are displayed in Fig. 5.
One sees that in all S,T channels the results are essentially
independent on α. We can also observe that with increasing
flow parameter α the momentum distributions ñα,ST (k), as
shown in Fig. 4, become more and more similar to the
momentum distributions ñα,ST (k,K = 0). This consistently
tells us that for pairs with total momentum K = 0 many-body
correlations are not very important, as anticipated in the discus-
sion above. The K = 0 pairs are therefore the best candidates
for experimental studies of short-range two-body correlations.
Similar considerations can be found in Refs. [12,23,44].

We can also notice significant differences between the
two even channels. In the S,T = 0,1 channel the momentum
distribution has a node at relative momenta of about 1.8 fm−1.
This is very different in the S,T = 1,0 channel. Here the
momentum distribution does not show a minimum and the
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FIG. 5. (Color online) AV8′ (top) and N3LO (bottom) relative momentum distributions for pairs with vanishing pair momentum K = 0 in
the different spin-isospin channels obtained with SRG transformed density operators.
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Both T=1 and n-n suppressions 
can be consistently understood	




Coincidence	
  measurements	
  with	
  high-­‐momentum	
  one-­‐neutron	
  (p,d)	
  reac1on	
  
at	
  forward	
  angle	
  have	
  been	
  performed	
  to	
  study	
  effect	
  of	
  tensor	
  interac1ons	
  
in	
  12C	
  and	
  16O.	
  

In	
  (p,dp)	
  channel,	
  several	
  peaks	
  corresponding	
  to	
  bound	
  states	
  can	
  be	
  
resolved	
  and	
  their	
  rela1ve	
  amplitudes	
  are	
  different	
  from	
  low	
  energy	
  
experiment	
  by	
  deuteron	
  knockout	
  reac1on.	
  	
  

High-­‐momentum	
  neutron	
  associated	
  with	
  pn	
  pair	
  with	
  S=1	
  and	
  T=0,	
  which	
  is	
  a	
  
signature	
  of	
  the	
  effect	
  of	
  tensor	
  interac1ons,	
  is	
  strongly	
  favored	
  compared	
  to	
  
the	
  one	
  with	
  pn	
  pair	
  with	
  S=0,	
  T=1.	
  

High-­‐momentum	
  neutron	
  associated	
  with	
  nn	
  pair	
  has	
  observed	
  for	
  the	
  first	
  
1me	
  in	
  16O	
  via	
  (p,dn),	
  clear	
  difference	
  from	
  (p,dp)	
  is	
  seen.	
  	
  

The	
  results	
  indicate	
  possible	
  signature	
  of	
  tensor-­‐force	
  effect.	
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7, Proton energy sharing distribution on 16O(p,dp)
   Figure 14 shows proton momentum spectra at two different angles, four different Bρ 
setting of Ice target. Here overlapped region of two Bρ setting is chosen one of two. A 
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normalizations of forward angle (8.7 deg.) and backward angle (15.deg.) are factor 2. Thus 
vertical scale of histogram is also different factor 2 for easier comparison temporary. 
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L assumed 50 cm from target 
Slew correction by γ. 
time offset adjusted by β=1	
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β-pulse height plot of all four-blocks	
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