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The nuclear neutron-proton contact is introduced, generalizing Tan’s work, and evaluated from medium
energy nuclear photodisintegration experiments. To this end we reformulate the quasideuteron model of
nuclear photodisintegration and establish the bridge between the Levinger constant and the contact. Using
experimental evaluations of Levinger’s constant, we extract the value of the neutron-proton contact in finite
nuclei and in symmetric nuclear matter. Assuming isospin symmetry we propose to evaluate the neutron-
neutron contact through the measurement of photonuclear spin correlated neutron-proton pairs.
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Introduction.—Considering a system of two-component
fermions interacting via a short range interaction, Tan [1,2]
has established a series of relations between the amplitude
of the high-momentum tail of the momentum distribution
n,(k), where o is the spin, and the properties of the system,
such as the energy, pair correlations, and pressure.
These relations, commonly known as the “Tan relations,”
are expressed through a new variable, the ‘“contact”
C = limy_ k*n, (k). The contact, being a state variable,
depends on the density of the system (usually expressed
through the Fermi momentum kj), its temperature, its
composition, and its thermodynamic state. The Tan rela-
tions are universal: they hold for few-body as well as for
many-body systems, for the ground state and for finite
temperature, for the normal state but also for the superfluid
state. Their validity range depends on the interparticle
distance d « 1/kr and the magnitude of the scattering
length both being much larger than the potential range,
usually characterized by the effective range r.

The theoretical discovery of the Tan relations has led to a
concentrated experimental effort to measure and verify
them in ultracold atomic systems, where the scattering
length as well as the density can be controlled. These efforts
have led to an experimental verification of Tan’s relations in
fermionic “°K [3,4] and ®Li [5-7] systems. It was also
found that the measured value of the contact, as a function
of (kpa)~™! along the Bardeen-Cooper-Schrieffer-Bose-
Einstein condensation (BCS-BEC) crossover, is in accor-
dance with the theoretical predictions of Ref. [6].

In this Letter we focus on nuclear systems. Generalizing
Tan’s work, we introduce the nuclear contacts and present
an experimental evaluation of the neutron-proton contact in
finite nuclei and also in symmetric nuclear matter. To this
end we relate the contact to a medium energy photonuclear
cross section and utilize available experimental data. In
ultracold atomic physics, the ratio between the interparticle
distance 1/kp, the scattering length a, and re; can be
controlled in such a way as to ensure that the a > r.; and
krpree << 1. The nuclear two-body scattering length is about
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5.38 fm when the two nucleons are in the S, state and
about —20 fm when they are in the 'S, state. These
scattering lengths are denoted by a, for the 3S; channel,
and a, for the 'S, channel. The average interparticle
distance in the atomic nucleus is about 2.4 fm. This
number can be deduced from the empirical nuclear
charged radius formula R, ~ 1.2A'/3 fm. The long range
part of the nuclear potential is governed by the pion
exchange Yukawa force with a characteristic length of
u~' = h/m,c ~ 1.4 fm. Therefore, in contrast with atomic
physics, in nuclear physics the demand kpr.; << 1 can at
best be replaced by pd > 1 which holds for an inter-
particle distance of about 2 fm.

For photons in the energy range Aw = 100-200 MeV,
corresponding to the wave number k~ 0.5-1 fm™!, the
deuteron photoabsorption cross section is dominated by the
leading electric dipole E1 and magnetic dipole M1 tran-
sitions [8]. The nuclear photo effect at these energies is
dominated by the quasideuteron process first proposed by
Levinger more than 60 years ago [9]. In the quasideuteron
picture, the photonuclear reaction mechanism goes through
an absorption of the photon by a correlated proton-neutron
(pn) pair being close to each other, followed by an emission
of the pn pair back to back, flying without further
interaction with the remaining nucleons. The resulting
photonuclear cross section of a nucleus composed of Z
protons and N neutrons, A = N + Z, is therefore propor-
tional to the deuteron cross section o,

NZ
O'A:LTUd, (1)

with L ~ 6 being the Levinger constant. In the decades
following Levinger’s original work, there were few com-
pilations of the photonuclear data and systematic evalua-
tions of the Levinger constant (see, e.g., Ref. [10] and the
references therein). It was also found that the two-body
short range correlations captured so well by the quasideu-
teron model play an important role in analyzing hard
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nuclear electron scattering experiments, see, e.g.,
Refs. [11-13]. Moreover, Levinger’s picture received
remarkable experimental support when high momentum,
correlated pn pairs flying back to back were measured in
proton and electron scattering on carbon [14,15] and other
nuclei [16,17].

Already, from the pictorial description of the quasideu-
teron model, one can sense the underlying connection
between Tan’s contact and Levinger’s constant. In the
following we shall define the various nuclear contacts
associated with the permissible two-nucleon s-wave states.
Utilizing these contacts we shall rederive the quasideuteron
model, establishing the desired connection. As will be
evident later, the nuclear contacts can be evaluated from
either spin independent transitions or from experiments on
spherical nuclei. Consequently we shall concentrate on the
E1 transition cross section, which in principle can be
extracted from the angular distribution of the emitted pn
pair. The experimental evaluation of Levinger’s constant
[10] is then used to extract the proton-neutron contact.

The Contact in Nuclear Systems.—When two particles
interacting via short range force approach each other, the
many-body wave function can be factorized into a product
of an asymptotic pair wave function ¢;;(r;;), where
rij=r;—r;, and a function A;;, also called the regular
part of W, describes the residual A — 2 particle system and
the pair’s center of mass (c.m.) R;; = (r; +r;)/2 motion
[1,18],

\IJT_)O)§0ij(rij)Aij(Rij’ {rk}k;éi,j)' (2)

Because of the suppression of higher partial waves, the pair
wave function will predominantly be an s wave. In
particular, in the zero-range model [19], where the action
of an interacting particle pair with scattering length a on
the many-body wave function VW is represented through the
boundary condition [0 log(r,»j\I!)/ar,-j]r”:O =—1/a, the
low energy asymptotic pair wave function takes a particu-
larly simple form: ¢;; = (1/r;; — 1/a).

The contact C represents the probability of finding a
correlated pair within the system and can be expressed as
[1,18]

C =162 (AjlA;). (3)

i<j

where

<Aij|Aij> :/Hdrdeij

k#i.j
X Ajj (Rij» {rk}k;éi,j)Aij (Rijv {rk}k;éi,j) 4)
is independent of the particular form of the asymptotic pair

wave function ¢;;. The Pauli principle implies that A;; = 0
if the two particles are in the same internal state.

Generalizing this formalism to nuclear systems, the pair
can be in more than one configuration, and we have to
consider six possible pairs: P = {pTpl,ntnl, ptnl,
ptnt, plnt, plnl}. In this representation we can define
a contact Cp for each pair P. These contacts are propor-
tional to the diagonal elements of the overlap matrix
<A§|A5’>. In nuclear physics it is more natural, however,
to employ a spin-isospin basis that diagonalizes the overlap
matrix. Furthermore, assuming spin symmetry now for the
residual function norm (Af|AY), we have to consider only
four contacts associated with the pairs P = {(pp)s_o.
(nn)g_g, (np)s_g» (np)s_, }- Taking into account that the
coulomb force as well as other isospin symmetry-breaking
terms are negligible at short distances, the number of
independent nuclear contacts in symmetric nuclei
(N = Z) can be further reduced to only two, corresponding
to the two-body spin-isospin configurations {|S=0,7=1),
|S=1,T=0)}. In the quasideuteron mechanism described
above, only correlated pn pairs play any role; thus, we need
to consider only the two nuclear contacts {C;, C,} corre-
sponding to the spin singlet and spin triplet states.

In bosonic systems the high-momentum tail of the
momentum distribution contains a 1/k> correction due to
three-body contact [20]. We note that such a correction is to
be expected in nuclear systems, as three nucleon coales-
cence is not forbidden by the Pauli exclusion principle.
Studying three-body effects on the nuclear photoabsorption
cross section and consequently estimating the nuclear
three-body contact is an important task. Nevertheless in
the current Letter we focus on the leading two-body effect.

The quasideuteron model in the zero-range
approximation.—In the following we will utilize the
zero-range approximation to relate the contact to the
quasideutron model. This model allows a clear and simple
derivation. We note, however, that it can be easily gener-
alized to include more realistic wave functions.

In the leading E'1 approximation, the total photoabsorp-
tion cross section of a nucleus is given by

o4(w) = 4n*ahoR(w), (5)

where « is the fine structure constant,

R(@) = >3 [(yle - DIWo) Po(E, — Eg — ) (6)

f

is the response function, D is the unretarded dipole operator
D =% (1 +7}/2)r;, and € is the photon’s polarization
vector. The wave functions of the initial (ground) state and
of the final state are denoted by |V, ;) and the energies by
Ey,y, respectively. The operator 73 is the third component
of the ith nucleon isospin operator. The response functions
includes a sum over the final states ) that becomes an
integration in the limit of infinite volume, and an average
over the initial states which amounts to an average over the
magnetic projection of the ground state, » =1/

20+ 1),
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For an inverse photon wave number somewhat shorter
than the average interparticle distance (kd > 1), the reac-
tion cross section goes via a nucleon pair that absorbs the
photon. The E1 nature of the process implies that the pair
must be a neutron-proton pair since a proton-proton pair
possesses no dipole moment. Utilizing the zero-range
approximation,

1 1
\Ij() > T Agn(anv{rj}jq’:p,n)+0(rpn)’ (7)
rp,,—>0 r[)n ap
where AL, =37, [yp ® A¥(R,,. {r itizpa)]M0. Here
pn Jaa WP pns JEp.n

the notation pn stands for any proton-neutron pair, whose
spinors are coupled into a spin state yp with total spin
S =0, 1, and the corresponding scattering length ap. The
sum over the angular momentum of the remaining A — 2
nucleons J,_, extends over all possible configurations that
coupled to S yield the ground state’s total angular momen-
tum quantum numbers J,, M.

Turning now to the final state, we consider a reaction
mechanism where the photon is absorbed by a proton p that
is emitted with large momentum k,. For high photon
energies this process is fast enough and interaction between
the emitted proton and the rest of the nucleus can be
neglected, that is the Born approximation. Hence, momen-
tum conservation implies that another particle must be
emitted. As pointed out by Levinger [9], this particle must
be a neutron n emitted with momentum k,, such as
k, ~ -k, =K. The relative momentum of the emitted
particles is (k, —k,)/2 = 2k, /2 = Kk, and they can form
either an S = 0 or an S = 1 spin state. Assuming that the
residual A — 2 particle wave function is frozen throughout
this process, the final state wave function for an outgoing
spin S pair is given by

~ 1 .
¥ = N p A A R () | 9

where N is a normalization factor, the wave function is
normalized in a box of volume Q, and A= (1-
Yopep(Ps D)) =222, (n.n')) is the proton-neutron
antisymmetrization operator, with (i, j) the transposition
operator. The sums over p’, n’ extend over all protons and
neutrons in the system but p, n. As AL (R,,,. {r;};z,,) is
antisymmetric under permutation of all identical particles
except the pair pn, \I!jf is antisymmetric under proton
permutations and under neutron permutations.

Utilizing now permutational symmetry, the nuclear
neutron-proton contacts Cp = {Cy, C,} are given by

Cp = 167°NZ(AD,|AD,). 9)

Therefore, the normalization factor is given by AN p =

(1/VNZ)(1//(AF,|AP.)) = 4n/\/Cp. Considering now

the transition matrix element, we see that

. 1 .
UPle . D|V,) = NZN / dr, — e®Tm
< f| ‘ 0> P H k\/S_Z

XAI’"( pn’{rj}jgépn)(e'i))\lj()’ (10)

where we have used the fact that /i‘lfo = NZV,. Because
of the orthogonality of the initial and final states, the
transition matrix element vanishes unless the photon acts
on the outgoing pn pair. Since the momentum Kk is large,
the only significant contribution to the integral comes
from the asymptotic r,, — 0, where W, diverges, and
therefore the integration over r,, hereafter can be limited to
a small neighborhood of the origin €, See the
Supplemental Material [21] for more details. Hence,

(Wle-D|W,) NZNPZ AL )
| o 1 1
x | dr,,—=e*Tm(e-D <—_ )’
% Pn\/ﬁ ( le) rpn ap
(11)
where D,, =r,=r,,/2, neglecting the pair’s c.m.

motion. Most of the photon energy is delivered to the
relative motion, whereas the photon’s momentum is trans-
lated into the c.m. motion; thus, the energy fraction
associated with the c.m. coordinate R, is haw/4Mc?,
which amounts to only a few percent for the photon
energies under consideration. We can therefore safely
neglect the pair’s recoil. We note that the matrix element
(11) is independent of M, thus >, = 1 in Eq. (6). For the
E1 operator or for any spin scalar operator, the orthogon-
ality of the different two-body spin functions included in
Ap ensures that the spin state of the pn pair is unaltered
throughout the process, i.e., P’ = P. For spherical J, =0
nuclei, this important result holds for any one-body nuclear
current operator since the different singlet and triplet spin
states must be coupled to spectator functions A% 7422 with
J4—» = 0,1, respectively. These spectator functlons are
orthogonal and therefore there is no interference between
the different pn spin states. Utilizing these results we can
rewrite the transition matrix element in the form

\/CP/ lkl‘],,,e D <L_i>
rpn dap
(12)

The matrix element (12) looks very much like the deuter-
on’s photoabsorption transition matrix element. To make
this comparison complete, let us consider the deuteron’s
photoabsorption reaction. The deuteron is a bound proton-
neutron pair with angular momentum J = 1. In the zero-
range approximation, the deuteron wave function is
assumed to be a pure s wave, spin triplet state, that takes
the form

<‘I’P|€ D|‘I’o
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B 1 e_rpn/at 1 1 1 (13)
ll/d’o_\/2ﬂa, Fon  tn=032ma; \rpy ;)"

In the Born approximation, and neglecting the c¢.m. recoil,
the deuteron’s final state wave function is given by

1

—ik-r
U/d.,f:\/——el . (14)
Q
Hence,
N 1 . A 1 e 7mla
eD = [ dr,,—=e*"me-D

Wasle-Diyas) = [ dry Jsemeby, O

(15)

Analyzing Eqgs. (12) and (15), we note that in the high-
momentum limit k— oo the main contribution to the
transition matrix element emerges from €, the neighbor-
hood of the origin r,, = 0. There, the np pair wave
function takes the asymptotic form (1/r,, —1/a,) =~ 1/
1,y Utilizing this approximation and comparing it to
Egs. (12) and (15), we can conclude that

~ Cra ~
(Wfle - D|Wo) ~ \|=Hwaysle - Dlwao).  (16)

Substituting this result into Eq. (5) and summing over the
possible final state spin configurations, we get

a;

(ot Caylo), (17

ox(w)
where o,4(w) is the deuteron photonuclear cross section.
Comparing this result with the celebrated Levinger for-
mula, Eq. (1), we see that the Levinger constant L can be
directly expressed through the nuclear contacts Cp,

a, A
L—SHNZ(CS+C1). (18)
The Levinger constant was explored and evaluated in
various photonuclear experiments. Using this data the
averaged nuclear pn contact C,, = (C,+ C,)/2 can be
evaluated.

Before we proceed to an actual evaluation of the nuclear
contact a few comment are in order. (i) In our derivation we
have utilized the zero-range approximation. The validity of
this approximation is at best questionable for finite nuclei.
Nonetheless, the derivation can be generalized to any short
range pair wave function, given that it is unique across the
nuclear chart. In this case, the resulting many-body contact
should be expressed in terms of the deuteron contact; i.e.,
8r/a, is to be replaced by the deutron contact in Egs. (17)
and (18). (ii) Although we have only considered the dipole
response, our main result (17) holds in spherical J, =0
nuclei for any multipole and any one-body current operator.

For Jy # 0 nuclei, Eq. (17) holds for any spin independent
one-body operator. (iii) If instead of measuring the total

photoabsorption cross section one measures the cross

section GI‘T for the parallel spin reaction y +4X—s

A=2Y + ptnt, we would obtain
o)l (@) = 32" Ciog(w) (19)

for spherical J, = 0 nuclei. Thus, measuring the spin
correlated photonuclear cross section would enable the
separation of the two nuclear contacts C; and C,.

Experimental evaluation of the nuclear neutron-proton
contact.—At this point we would like to extract the nuclear
neutron-proton contact from the experimental photonuclear
data. To this end we use an analysis of the Levinger
constant made by Terranova et al. [10], who evaluated the
Levinger constant L for 14 nuclei along the periodic table,
from lithium to uranium, using various photonuclear
experiments [23-26]. In order to include low energy data,
Terranova et al. have used in their analysis the modified
quasideuteron model [27], taking into account the Pauli
blocking. For high photon energies this is a small correc-
tion. The evaluated Levinger constant, presented in Fig. 1,
seems to be constant along the nuclear chart, with an
averaged value of L ~5.50 £ 0.21(1s). Using this result
we can estimate the average pn contact for symmetric
nuclei and nuclear matter, namely,

Cpn r
= 5.504+0.21) = 2.55 £ 0.10. 20
A T ) (20)

Here in the last equality we have used the relation 1/kpa, ~
0.15 valid on the average for large nuclei. We note that the
quoted error in Eq. (20) refers only to statistical errors, and
not to systematic errors associated with our model
assumptions.

10 T T T T T T T T T

0 1 1 1 1
10 15 20 30

50 70 100 150 200 300
A

FIG. 1 (color online). Levinger constant values evaluated from
photonuclear experiments. Red circles are based on Ref. [23], blue
squares are based on Ref. [24], and green diamonds are based on
Ref. [25]. Adapted with changes from Ref. [10]. The blue line
shows the averaged value L = 5.50, and the gray band its error.
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FIG. 2 (color online). The universal contact per particle (in units
of k), measured in ultracold atoms, compared to the averaged pn
contact evaluated here from photonuclear experiments. Orange
triangles: measurement with ultracold “°K atoms [3]; purple
diamonds: ultracold °Li atoms [5,6]. Red, blue, and green dots:
nuclear contact based on photonuclear experiments of Refs. [23-25].
The square’s bounds represent the experimental error for the
different data sets. The line is the theoretical prediction of Ref. [6].

As mentioned above, the contact was measured for a
universal Fermi gas along the BCS-BEC crossover, i.e., as a
function of the dimensionless parameter kpa. In order to
compare the nuclear pn contact to the universal Fermi gas
results, we estimated kr for each nuclei using the rms
charge radius, evaluated by Brown et al. [28]. In Fig. 2 we
present the universal Fermi gas contact measured with 'K
atoms [3] and ®Li atoms [5,6], the theoretical prediction of
Ref. [6], and the average nuclear pn contact evaluated for
each nucleus individually. For the nuclear scattering length
we have used 1/a = 1/2(1/a; + 1/a,), with an error bar
that corresponds to the difference between the singlet and
triplet scattering lengths. Inspecting the figure, it is note-
worthy that although nuclei are far from being a universal
Fermi gas, the nuclear contact falls in line with that of a
universal Fermi gas.

Summary.—Summing up, rederiving the quasideuteron
model in the zero-range approximation, we have con-
structed a bridge between the contact C, recently intro-
duced by Tan to describe the properties of interacting Fermi
systems and nuclear systems. Doing so we have identified
two contacts C,, C,, corresponding to spin singlet and spin
triplet states, and we have shown that the average pn
contact C pn 18 proportional to Levinger’s constant L. Using
experimental estimates for L we have deduced the value of
C,,. We have found that the evaluated value of C,, stands
in good agreement with the universal contact measured in
ultracold atomic experiments. This result also hints towards
the usefulness of Tan’s relations in nuclear physics. To
separate between the singlet and triplet contacts, we
propose to measure the spin correlated emitted pairs in a
photonuclear experiment.
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