PHYSICAL REVIEW C 86, 044614 (2012)

Compton scattering from °Li at 60 MeV
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Compton scattering cross sections from °Li have been measured at scattering angles of 40°~160° using a nearly
monoenergetic 60-MeV photon beam at the High Intensity Gamma-Ray Source. A phenomenological model
provides an estimate of the sensitivity of the °Li(y, y)°Li cross section to the nucleon isoscalar electromagnetic

polarizabilities «; and f;.
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I. INTRODUCTION

During the past thirty years, much effort has been devoted to
measuring and understanding the electromagnetic polarizabil-
ities, & and B, of the proton and neutron. These polarizabilities
are the first-order responses of the nucleon’s internal structure
to an applied electric or magnetic field. The efforts have been
very successful in the case of the proton but less so for the
neutron.

The majority of the attempts to measure the nucleon
polarizabilities have utilized nuclear Compton scattering. In
the limit where the photon energy is much lower than the pion
production threshold, the Compton scattering cross section of
a nucleon can be written as [1]
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where g and M are the nucleon charge and mass, @ and
o' are the energies of the incident and scattered photons, 6
is the photon scattering angle in the laboratory frame, and
(do/d2)pom 1s the Born cross section for a nucleon with
an anomalous magnetic moment [2]. Terms of O(0?) and
higher have been dropped in this cross-section expansion. The
forward-angle cross section is dominated by the contribution
from « 4+ B while the backward-angle cross section is most
sensitive to @ — B. Furthermore, the sum of the polarizabilities
is constrained by the Baldin sum rule [3]:
1 * oy (w)dw

where o, (w) is the total photoabsorption cross section of the
nucleon and wy;, is the energy of the pion photoproduction
threshold.

Several Compton scattering experiments near and below the
pion production threshold have been performed on the proton
over the years [4-8], with the most recent global fit [9] to all
the data up to 170 MeV yielding values of

a, = 10.7 £ 0344 = 0.2psr + 0.8,

th

PACS number(s): 25.20.Dc

where the statistical errors are shown as well as the errors due
to uncertainties in the Baldin sum rule (BSR) and the theory.
The units of o and B are 10~ fm>. These results were obtained
under the constraint of the current evaluation [8] of the Baldin
sum rule for the proton, which is

ap+ B, =138+04. )

The current global fit of the neutron polarizabilities is much
less precise. Compton scattering measurements directly off
the neutron are not possible due to the lack of a free neutron
target. As such, experimenters have had to resort to using
light nuclei such as 2H [10-13], “He [14], >C [15-19], and
160 [18-21] to try to measure «, and fB,. The results for
the heavier nuclei are ambiguous due to uncertainties in the
model parametrizations. Current models based on effective
field theory [9] are able to extract nucleon polarizabilities
from 2H(y, y)?H but the data suffer from relatively large
statistical errors. Using the deuteron Compton scattering data,
the polarizabilities have been determined to be [9]

a, = 11.1 £ 1.8y £ 0.4gsr £ 0.8,

&)
ﬁn = 4.1 :F 1.85{3[ :i: O.4BSR :l: 0.8[[1
under the Baldin sum-rule constraint for the neutron [22]:
o, + B, =152+04. 6)

The exact values of « and 8 are critical for testing how
accurately the theory describes physics accessible only in
the two-photon response (e.g., Compton scattering) of the
nucleon. Their extraction also provides a nontrivial benchmark
of our understanding of charged meson-exchange currents in
light nuclei [9]. Additionally, recent work [23] has indicated
that the largest source of uncertainty in the evaluation of
the proton-neutron mass difference is related to the isovector
magnetic polarizability, 8, — B,. The current values of the
proton and neutron polarizabilities are equal within the errors
listed; however, better statistical errors are needed in order to
determine «, and B, more precisely and to provide a more
stringent test of the theory.

To that end, we have carried out a Compton scattering

(3) ~ Measurement on ®Li, the first since Pugh et al. [24]. °Li was
Bp = 3.1 F 0.3 £0.2gsr = 0.8, chosen because it is expected to have a Compton scattering
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cross section almost an order of magnitude larger than that
of 2H. At sufficiently low energies (below ~100 MeV), the
photon scattering is coherent and the total scattering amplitude
is simply the sum of the individual Thomson amplitudes for
the Z protons in the target nucleus [9]:

Ze?
R(E,0) ~ 7, (7N

which implies that the cross section scales as Z>.

Current models are not able to make precise predictions for
Compton scattering cross sections for °Li, but, as Orlandini
notes [25], various theoretical approaches are now starting to
make progress in predicting observables in higher-mass (i.e.,
A > 3) nuclei. While we will not extract particular values
for the polarizabilities, we will attempt to demonstrate the
sensitivity of the °Li(y, y)°Li scattering cross section to o and
B using a phenomenological model.

II. EXPERIMENTAL SETUP

In this paper, we report a measurement of the '°O(y, y)'°0
reaction cross section and a precision measurement of
®Li(y, y)®Li at 60 MeV. The '°0 cross section is well known
and serves the purpose of gauging the systematic uncertainty of
the absolute cross-section determination for the °Li data. The
present measurements were conducted at the High Intensity
Gamma-Ray Source (HIy S) facility [26] at Triangle Universi-
ties Nuclear Laboratory (TUNL). The HIy S facility is capable
of producing high-intensity, nearly monoenergetic, ~100%
polarized y rays. For this measurement the beam was circularly
polarized. The quasi-monoenergetic nature of the y-ray beam
significantly reduces the background as compared to the
earlier Compton measurements, which were conducted using
bremsstrahlung-produced beams. The HIyS beam results in
less background in the detected energy spectrum, making the
extraction of the photon yield more reliable.

The HIyS facility utilizes a free-electron laser to produce
y rays via Compton backscattering. The y-ray beam passes
through a collimator which defines the radius of the beam and
determines the intensity and energy spread of the incident y
rays. For this experiment, the 60-MeV y-ray beam had an
energy spread of ~4.5% and an on-target intensity of ~107
y /s [27]. The collimated beam is incident on a five-scintillator-
paddle system [28] which detects recoil electrons and positrons
from photoelectric, Compton, and pair-production processes
and has been directly calibrated using a 25.4-cm-diameter,
35.6-cm-long Nal(Tl) detector. The five-scintillator-paddle
system provides a means of measuring the instantaneous y -ray
intensity without creating a source of background radiation in
the experiment. After the intensity monitor, the y rays are
incident on the scattering target (either °Li or '°0O) and some
are Compton scattered into one of eight large-volume Nal(T1)
detectors. The detectors were placed at roughly equally spaced
angles from 40° to 160°, as shown in Fig. 1.

Each Nal(Tl) detector core measures approximately
254 cm in diameter and 30.5 cm long. Surrounding the
core detector is a segmented Nal(Tl) annular detector that
is 7.5 cm thick and 30.5 cm long and is designed as an
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FIG. 1. (Color online) Schematic diagram (not to scale) of
the experimental layout showing the arrangement of the Nal(TI)
detectors.

anticoincidence shield. The detector-response line shapes from
the core detectors had a full width at half maximum of ~6% at
60 MeV (see Fig. 2), part of which (~4.5%) is due to the
energy spread of the incident y-ray beam. Lead shielding
was placed surrounding the front face of each detector to
reduce backgrounds and define the scattering solid angle. Each
detector was placed so that the solid angle subtended by the
aperture in the lead shield was ~45 msr. The aperture was
filled with borated wax to eliminate neutron backgrounds in
the core with minimal effect on the photon energy resolution.

The oxygen target consisted of distilled water in a Lucite
cylinder 10.0 cm long and 5.0 cm in diameter, yielding an
oxygen target thickness of 10.0 & 0.1 g/cm?. The contribution
to the scattering yield due to the target end caps was determined
to be less than 1%. The SLi target was produced at the
University of Saskatchewan [29]; the target cell consists of
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FIG. 2. (Color online) Energy spectrum from a Nal(Tl) detector
with the y-ray beam directed into the detector (¢ = 0°). The full
width at half maximum is 4.0 MeV (6.7%). The solid line is the fit to
this spectrum using a GEANT4 simulation.
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a polyvinyl chloride (PVC) cylinder with PVC and Al foil
end caps. It measures 12.7 cm in length with a diameter of
4.1 cm for a target thickness of 5.84 4 0.06 g/cm?. Since
the scattering contribution from the cell was estimated to be
~2%, a measurement of photon scattering from an empty cell
was performed. An identical empty target cell was prepared
and placed in the beam in order to determine the background
contribution from the target end caps.

III. DATA ANALYSIS

Data were read out from each detector into a charge-to-
digital converter (QDC), which can be converted into photon
energy, and a time-to-digital converter (TDC), which enables
coincident timing. The pulsed nature of the photon beam at
HIyS provides a very clean TDC prompt peak in each of the
eight Nal(Tl) detectors (Fig. 3). At the time of this run, the
anticoincidence shields were nonoperational, which resulted
in the flat, uncorrelated (random) background appearing in
the timing spectrum due to non-beam-related sources such as
cosmic rays.

QDC spectra for prompt and random events were filled by
placing cuts on the prompt peak and a suitable random window
in the TDC spectrum. The prompt window contains both true
scattered photons and some fraction of the random events. By
setting a wide random window, the net true spectrum can be
defined as

Wprompl

Snet = Sprompt - X Srandoma (8)

random

where Spet, Sprompt> and Srandom are the net, prompt, and random
energy spectra, and Wprompe and Wiandom represent the widths of
the prompt and random windows. For the SLi data, the empty-
target data were analyzed in the same manner as the full target
(see Fig. 4). The empty-target spectrum is then subtracted from
the full-target spectrum after being properly normalized to the
number of incident photons on target. The yield of the empty
target in the elastic peak region (defined as 55 to 61.5 MeV)
was < 2% of the yield in the full target. Typical final detector-
response line shapes are shown for ®Li (Fig. 5) at both forward
and backward scattering angles. The low-energy background
in the forward-angle detector is assumed to be coming from
forward-peaked, atomic scattering events in the target. The
backward-angle detectors do not see this background.
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FIG. 3. (Color online) TDC spectrum from a Nal(Tl) detector.
The prompt and random windows are shown.
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FIG. 4. (Color online) The net true energy spectra for the full
(°Li) and empty targets at & = 55° and 125°. The spectra have been
normalized to the number of incident photons on target.

GEANT4 [30] was employed to determine the total line shape
yield and also to make any corrections due to finite geometry
effects. The simulation output was first determined for the
case of the Nal(T1) detector positioned directly in the beam line
(6 =0°) as seen in Fig. 2. The intrinsic simulation was smeared
with a Gaussian function to account for the characteristics of
each Nal(T1) detector that are difficult to model in GEANT4. The
simulated detector response, with the smearing fixed as above,
is then fit to the scattering data over a region of interest (ROI)
that extended over a range of 6.5 MeV as indicated in Fig. 5.
It is critical that the summing window not extend into the
low-energy background in the forward-angle detectors. This
background was taken into account as an exponential function,
as shown in the top panel of Fig. 5. The summing window was
chosen so that the background contribution was minimal to
reduce any systematic uncertainties related to the modeling.
The background contribution was found to be less than 1% in
the summing window. The fitted GEANT4 line shape is used
to correct for the detection efficiency of the Nal(Tl) detector
in the ROI; this efficiency accounts for events that deposit
some energy outside the ROl in the detector. Additionally, the
correction factor for photons absorbed by the target and the
correction to the solid angles due to the finite geometry of the
experimental setup are obtained from the simulation.

The first excited state of '°0 is at 6.05 MeV above the
ground state so, based on the ROI defined above, inelastic
scattering from this state is not expected to contribute to the
elastic yield. However, in the case of 6Li, there are several
excited states within 5.65 MeV of the ground state. In order
to determine whether inelastic scattering from any of these
states contributed to the elastic peak, the data were fit with two
GEANT4 simulated line shapes. The first line shape was taken

044614-3



L.S. MYERS et al.

zsojﬁ o

2001

150
100f-

50

100F

FIG. 5. (Color online) The net true energy spectra (with empty-
target subtraction) at forward and backward angles for °Li. The region
of interest (ROI) has been marked. (Top) At forward angles, the fit
to the data (dashed-dotted line) is given by a sum of a low-energy
background (dashed line) and a GEANT4 simulation (solid line).
(Bottom) At backward angles, the only contribution is from the
GEANT4 simulation (solid line).

as the elastic peak and the second line shape was assumed
to result from the first excited state at 2.19 MeV in °Li. The
relative strength of these two line shapes was varied in order to
fit the data. The inelastic contribution is expected to be largest
at the most backward angle (i.e., highest momentum transfer).
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FIG. 6. (Color online) Comparison of scattering cross section of
160 obtained by [18,19] and [20,21] and current results. Statistical
errors are shown on the data points. Systematic errors for this
measurement are shown under the data by the red bars. The 90° data
point from SAL/Illinois is an extrapolation based on measurements
taken at higher energies [21].
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FIG. 7. (Color online) The scattering cross section of °Li from this
experiment. Statistical errors are shown on the data points. Systematic
errors for this measurement are shown under the data by the red bars.
The curves are results from fitting the data to a phenomenological
model.

The quality of the fit to the data at & = 159° decreases as the
inelastic strength is increased. When the x? value has increased
by 1.0 (68% confidence limit) from the value obtained by
assuming only an elastic peak, a maximum contribution of
inelastic scattering to the ROI yield of 6% can be set. Since
there is no conclusive evidence that the inelastic contribution
must be incorporated, it has been ignored in the extraction of
the cross section.

The cross sections are plotted as a function of laboratory
scattering angle in Fig. 6 for '°0 and in Fig. 7 for °Li. Figure 6
shows the previous 160 data from Lund [18,19] and the
Saskatchewan Accelerator Laboratory (SAL) and University
of Illinois collaboration [20,21]. The Lund data were collected
at 58 MeV and the SAL/Illinois data at 60 MeV. The agreement
is very good between the current data and these published
measurements. This result gives confidence that the absolute
cross-section extraction does not suffer from any unknown
systematic effects.

There are no such high-quality data to compare to the
present SLi cross-section results. Based on the cross sections
of other light nuclei and the Z?> dependence of the Compton
scattering cross section, the estimated average °Li(y, y)®Li
cross section should be on the order of 150 nb/sr [31]. The
data are certainly consistent with this estimate, as seen in Fig. 7.

TABLE 1. Compton scattering cross sections of '°O and °Li at
E, =60 MeV. The first error is statistical and the second is systematic.

OLab 10 42 (nb/sr) SLi 42 (nb/sr)
40° 1427 £ 50 + 48 196 + 10 + 6
55° 1143 + 50 + 39 176 £ 8+ 6
75° 843 + 49 + 29 125+7+4
90° 915 + 44 + 31 1354744
110° 854 + 48 + 29 139+8+5
125° 992 + 39 + 34 177+9+6
145° 1256 + 51 + 43 178+ 9+6
159° 1262 + 47 + 43 198+8+6
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The extracted cross sections for '°0 and °Li are given in
Table I along with the statistical and systematic errors. The
systematic errors are dominated by the uncertainty in the
number of incident photons on target (2.0%) and the solid
angle (2.4%).

IV. PHENOMENOLOGICAL MODEL

A phenomenological model has been used to evaluate the
sensitivity of the °Li data to the magnitude of the electro-
magnetic polarizabilities. This model is based on the work
presented in [15] and [21]. The Compton scattering amplitude
can be written in terms of the one- and two-body seagull (SG)
amplitudes, which are explicitly dependent on the isoscalar
polarizabilities, oy = (o), + «,)/2 and B, = (B, + B,)/2, as
[21]

R(E.0) = R°*(E.0) + R°"(E, 0)
+RY°(E,0) + R5°(E, 6). 9)
The first two terms in Eq. (9) are related to the giant resonances

(GR) and the quasideuteron (QD) process, respectively. The
amplitudes are given by

ROR(E,0) = fr1(E)gr1(0) + fr2(E)gra(0)

NZ
—i—Tro[l + kGrlge1(9) (10)

and
op NZ
R*“(E,0) = fQD(E)+TrOKQD F(g)gei1(6), (A1)

where the complex forward scattering amplitudes f;, (E) (A =
E1, E2, QD) are taken to have a Lorentzian form [32]
given by

E2—-E* 1 0, E’T2
RefuE) = dhe T, (g2 2)2 22 12)
mhe Th (E? — E})” + E?T3
and
E E’T?
Im f,(E) = S (13)

4rhe (E2 — E§)2 + B

where E,, I';, and o, are the resonance energy, width,
and strength, respectively. Also in Eqs. (10) and (11), the
appropriate angular factor is gA(6) (see Tables II and III), ry
is the classical nucleon radius, and the enhancement factors
[1+«grl and xpp are the integrals of the GR and QD
photoabsorption cross sections in units of the classical dipole
sum rule. Since the QD process is modeled as an interaction
with a neutron-proton pair, it is modulated by a two-body form
factor F>(q), where ¢ is the momentum transfer.

TABLE II. Dipole and quadrupole angular factors.

A gn(0)

El g ¢

M1 Exk)- (e x k)

E2 E-eNk-k)+E-k)E -k
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TABLE III. Dipole and quadrupole angular interference factors.

AN 8a(0) ga(0)
E1E1, M1M1 (1+COS20)/2
E1M1 cosf
E1E2 cos’ 6
MI1E2 (3cos?6 — 1))2

E2E2 (1 —3cos?6 +4cos*6)/2

The seagull amplitudes account for subnucleon and meson-
exchange degrees of freedom and are necessary to preserve
gauge invariance in the total scattering amplitude. The one-
body seagull amplitude is

RSG(E,0) = —F\( (E ’
1 ,0) = —Fi(q)y| Zro ” Aag [gE1(0)

E\2
- [ <h_) A,Bs}ng(e)}, (14)
c

where higher-order terms have been omitted. This process is
modulated by the one-body form factor F;(g), which is taken
to be [33]

Fi(g) = /004—7t1?3ﬂi
3 Psinh(wcpq) gR,
[sin(qR,,) mepq cos(qu)i| (15)
(gR,)* tanh(rrcpq) qR, ’

where, under the normalization F;(0) =1,

_ 47 e, \?
o' =T [1 n (R—:) } (16)

and R, =1.77 fm and ¢, = 0.327 fm are given by the
two-parameter Fermi function parametrization of the charge
distribution [34]:
£0
p(r) = ——= - (17)
l+e

The two-body seagull amplitude is

$G NZ
RV (E,0) = _FZ(Q)T(KGR + kop)roge1(0), (18)

where higher-order terms have been dropped. The two-body
form factor is chosen by convention as F»(q) = [Fi(g/2)]>.

V. RESULTS

Due to a lack of detailed knowledge of the giant resonance
structures of °Li to serve as inputs to the model, it is not
possible to extract accurate values of the polarizabilities.
However, this phenomenological model is still able to provide
insight into the sensitivity of the °Li(y, y)®Li cross section
to ay and B;. Initially we fixed the polarizabilities to oy =
109 and B; = 3.6 as listed in [9] and then allowed the
resonance parameters to vary until the fit is optimized. Since
this experiment was carried out at an energy above any
presumed resonance energy, it is sensitive only to the integral
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TABLE 1V. E1, E2, and QD parameters for °Li. Values marked
with an asterisk have been determined by fitting.

Contribution E...(MeV) Ies(MeV) Ores(Mb)
El 25.0 12.0 7.2*
E2 34.0 16.0 0.14*
QD 40.0 100 1.1

of the resonance and not the details of its shape (i.e., its width
and energy). As such, the resonance locations have been fixed
at25 and 34 MeV for the E 1 and E2 resonances, and the widths
were set to 12.0 and 16.0 MeV. The QD parameters have been
fixed to the values listed in [19]. The resonance amplitudes
obtained from the fit are listed in Table IV along with the fixed
parameters, and the resulting cross section is shown as the solid
curve in Fig. 7. The energy-weighted sum-rule exhaustions are
~75% (E1) and ~60% (E?2).

The sensitivity of the data to the polarizabilities can be
observed by systematically varying o, and S;. The polariz-
abilities were each varied by £2 units under the constraint that
ay + Bs = 14.5, consistent with the average of the sum rules
in Egs. (4) and (6). As seen by the dashed lines in Fig. 7, this
variation provides some estimate of the uncertainty in o, and
Bs. This relationship can be determined more rigorously by
fitting «; and B, to the data in order to determine the error
bars of that fit. In this case, we fix all the resonance parameters
to the values in Table IV and then allow «; and S to vary.
This procedure results in a minor adjustment of oy and f;
to 10.5 and 4.0, respectively. The effect of this modification
of the polarizabilities is to slightly raise the back-angle cross
section, which is expected because of the larger value of S;.
The resulting uncertainties in «; and S, based on this fit
(S = 5B = 0.7) are comparable to the global results
presented in [9] (o™ = §B{™ = 0.9) based on deuterium
data. These error bars for ®Li were obtained with only 50 h of
beam time on target.

Due to the uncertainty in the resonance parameters and the
inherent difficulty in unambiguously extracting the polariz-
abilities (as detailed in some previous measurements of light
nuclei), it is not possible to make a quantitative statement about
the accuracy or precision of the extraction of ¢y and S using
the phenomenological model. However, the indications are
that with an accurate theoretical treatment of the °Li(y, y)°Li
reaction, this data set is capable of improving upon the current
statistical errors of the isoscalar polarizabilities.

The results of this measurement are intended to spur further
work on theoretical models of the °Li(y, y)®Li reaction (e.g.,
the Lorentz integral transform method described in [35])
in order to precisely extract the isoscalar polarizabilities.
A precision theoretical model should include the possible
contribution from inelastic scattering since this experiment is
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FIG. 8. (Color online) Scattering cross sections at 60 MeV (top)
and 80 MeV (bottom) as predicted by the phenomenological model.

only able to rule out inelastic contributions at the 6% level. In
addition, a subsequent measurement of this reaction is planned
at HIyS at E, ~ 80 MeV, where the sensitivity of the cross
section to the polarizabilities is expected to be greater than
with the data presented here. At 80 MeV, the cross section
drops by about 30% at back angles (see Fig. 8); however, the
sensitivity is expected to increase by a factor of nearly 2. Given
modest improvements in beam intensity, target size, or beam
time on target, the statistics on the 80-MeV data set would
be comparable to the data presented here. This future data set
should further enhance the ability of a theoretical model to
accurately extract the polarizabilities.
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