
Compton scattering from 4He at 61 MeV

M.H. Sikora,1, 2, � M.W. Ahmed,1, 2, 3 A. Banu,4 C. Bartram,2, 5 B. Crowe,2, 3 E.J. Downie,6 G. Feldman,6

H. Gao,1, 2 H.W. Grie�hammer,6 H. Hao,2 C.R. Howell,2 H.J. Karwowski,2,5 D.P. Kendellen,1, 2 M.A. Kovash,7

X. Li,1, 2 D.M. Marko�,2, 3 S. Mikhailov,2 V. Popov,2 R.E. Pywell,8 J.A. Silano,2, 5 M. Spraker,9

P. Wallace,2 H.R. Weller,1, 2 C.S. Whisnant,4 Y.K. Wu,1, 2 W. Xiong,1, 2 X. Yan,1, 2 and Z.W. Zhao1, 2

1Department of Physics, Duke University, Durham, North Carolina 27708-0308, USA
2Triangle Universities Nuclear Laboratory, Durham, North Carolina 27708-0308, USA

3Department of Mathematics and Physics, North Carolina Central University, Durham, North Carolina, 27707, USA
4Department of Physics and Astronomy, James Madison University, Harrisonburg, VA 22807

5University of North Carolina at Chapel Hill, Chapel Hill, NC 27516
6Institute for Nuclear Studies, Department of Physics, The George Washington University, Washington DC 20052, USA

7Department of Physics & Astronomy, University of Kentucky, Lexington, KY 40508
8Department of Physics and Engineering Physics, University of Saskatchewan, Saskatoon, Saskatchewan, S7N 5E2, Canada

9Department of Physics, North Georgia College & State University, Dahlonega, Georgia 30597, USA

The Compton scattering cross section from 4He has been measured with high statistical accuracy
over a scattering angle range of 40� -159� using a quasi-monoenergetic 61-MeV photon beam at
the High Intensity Gamma Ray Source (HI
S). The data are interpreted using a phenomenological
model sensitive to the dipole isoscalar electromagnetic polarizabilities (� s and �s) of the nucleon.
These data can be �t with the model using values of � s and �s that are consistent with the currently
accepted values. These data will serve as benchmarks of future calculations from E�ective Field
Theories and Lattice QCD.

PACS numbers: 25.20.Dc

I. INTRODUCTION

Electromagnetic probes are highly e� cient, perturba-
tive tools to explore the symmetries and dynamics of the
internal structure of nucleons. They test the competition
between the electromagnetic force and the strong forces
which bind the nucleons. Such information is encoded in
the static electric (�E) and magnetic (�M ) dipole polariz-
abilities. These fundamental properties parametrize the
two-photon response of the nucleon, i.e., the stretchabil-
ity of the electric charge distribution and the alignabil-
ity of its magnetic constituents. They are probed by
Compton scattering, where the electromagnetic �eld of
a real photon induces radiation multipoles by displacing
charges and currents inside the nucleon.
At low energies, E�ective Field Theories (EFTs) de-

scribe such processes model-independently in terms of
the pertinent low-energy degrees of freedom: nucleons
and pions. In the past decade, they were used with great
success to predict and extract the proton and neutron po-
larizabilities from Compton scattering data [1, 2], and
to connect these data with emerging lattice QCD cal-
culations, see most recently [3{13]. Such tests of low-
energy QCD rely on the decades-long e�ort to obtain
high-precision data of Compton scattering on the proton
and light nuclei, see Ref. [14] for a review.
The proton polarizabilities have been extracted from

measurements using cryogenic liquid H2 targets [15{19],
whereas the neutron values have been extracted from
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elastic (and, to a lesser extent, inelastic) deuteron Comp-
ton scattering [20]. Since the electromagnetic �ne struc-
ture constant is small and enters quadratically, cross sec-
tions are relatively small but increase with the target
charge Z for light nuclei. In addition, only light nuclei
can provide stable targets to extract neutron polarizabil-
ities. Finally, the charged pieces of the pion exchange
which contribute to binding the nucleons in nuclei also
increase the cross section.

High-precision Compton scattering experiments have
recently been performed using targets with Z > 1, in par-
ticular 6Li [21, 22], for future extractions of nucleon po-
larizabilities using EFTs. Because there are no ab initio

or EFT calculations at this time, phenomenological mod-
els are used to interpret data from Compton scattering
from light nuclei [23]. This work reports results of Comp-
ton scattering from a liquid 4He target.

Data from 4He complement and improve on that avail-
able from deuteron Compton scattering in a number
of ways. First, the cross section for Compton scatter-
ing from 4He is approximately a factor of 8 larger than
the deuteron due to the combination of the larger nu-
clear charge and charged pion exchange current. Sec-
ond, both are isoscalar targets, so that one has direct
access to the average nucleon polarizability and can in-
fer the less-certain neutron values by combining with the
well-established proton values. Third, the weakly bound
(2.25 MeV) deuteron requires high energy-resolution
measurements to separate the elastic and inelastic contri-
butions to the cross section. However, the �rst inelastic
channel is the 4He(
,p)3H reaction at 19.8 MeV, allevi-
ating the need of a high energy-resolution measurement.
Finally, the data will test the accuracy to which theoret-
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ical e�orts describe binding e�ects in the deuteron and
4He in a common framework.
This paper presents the �rst high-precision measure-

ment of the 4He Compton scattering cross section with
wide angular coverage. The measurements were per-
formed using the circularly polarized, mono-energetic

-ray beam at the High Intensity Gamma-Ray Source
(HI
S) facility of the Triangle Universities Nuclear Lab-
oratory (TUNL). Data are interpreted using a previously
developed phenomenological model [23].

II. EXPERIMENTAL SETUP

The HI
S facility [24] uses a free electron laser to pro-
duce intense, quasi-monoenergetic, � 100% polarized 
-
ray beams via Compton back-scattering. This process oc-
curs at a frequency of 5.79 MHz, generating 
-ray pulses
every 179 ns. These characteristics of the HI
S beam
result in scattering spectra which are cleaner and much
simpler to interpret compared to Compton scattering ex-
periments conducted with tagged bremsstrahlung beams.
After collimation of the 
-ray beam, its intensity was

continuously monitored using a system of �ve thin plastic
scintillator paddles [25] located upstream of the target.
Recoil electrons and positrons produced in a thin metal
radiator are detected in the paddles at a rate propor-
tional to the incident 
ux. The system was calibrated
using a 100% e� cient NaI(Tl) detector to determine the
conversion factor between the observed paddle rate and
the total number of detected 
 rays. This system pro-
vides a continuous method of measuring the incident 
ux.
The present experiment utilized a circularly polarized 61-
MeV beam with an intensity of � 2 � 107 
=s on target
for a total of 54 hours.
The liquid 4He target was inside an aluminum vacuum

can of diameter 46 cm [26]. The target cell was a Kap-
ton cylinder with 0.13 mm thick walls and dimensions
20 cm long � 4 cm diameter. The beam entered and
exited the vacuum can through Kapton windows also of
0.13 mm thickness located along the beam axis. The liq-
uid temperature was monitored continuously throughout
the experiment to ensure that the target thickness was
known to � 1%. The liquid was maintained in the cell
at 3.17 K for a target thickness of (4.22 � 0.04) � 1023

nuclei/cm2. Scattering data were also collected with no
liquid in the cell to assess the contribution from the win-
dows and cell walls, which was found to be � 15% of the
full-target yield in each detector.
Energy spectra were obtained using seven NaI(Tl) de-

tectors positioned at angles ranging from 40� to 159�

with the front face of each detector approximately 58 cm
from the target center, as illustrated in Fig. 1. The core
crystals, measuring 25.4 cm in diameter and ranging in
length from 25.4 cm to 30.5 cm, were surrounded by a
7.5 cm thick segmented anti-coincidence shield consisting
of eight NaI(Tl) crystals 30.5 cm in length. The accep-
tance cone of each core detector was de�ned by a 15 cm

FIG. 1. (Color online) Illustration of the experimental geom-
etry showing the array of NaI(Tl) detectors and the cryogenic
target. The beam is incident from the top of the �gure. The
Kapton cell containing the liquid 4He is located inside the
vacuum can.

thick lead collimator, resulting in a Gaussian distribu-
tion of scattering angles with a standard deviation of 5� .
The detector apertures were �lled with borated wax to
suppress background neutrons. The experiment was sur-
veyed to a precision of 0.1 cm, and the measurements
were incorporated into a Geant4 [27] simulation. In the
simulation, photons were generated throughout the tar-
get volume and propagated outward following a spherical
angular distribution. The fraction of the emitted photons
observed in each detector was proportional to its e�ec-
tive solid angle. The nominal e�ective solid angle of each
detector is 43 msr.

III. DATA ANALYSIS

Two analog copies of each core NaI detector signal were
generated. One copy from each detector was shaped and
ampli�ed using a Timing Filter Ampli�er (TFA). Each
subsequent TFA output was subjected to an analog thre-
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FI G. 2. Ti mi n g s p e c t r u m af t e r a p pl yi n g t h e s hi el d c u t s h o w-
i n g p r o m p t ( s oli d ) a n d r a n d o m ( h a t c h e d ) r e gi o n s.

h ol d u si n g a C o n st a nt Fr a cti o n Di s c ri mi n a t o r ( C F D). A
l o gi c al O R of all c o r e d et e ct o r s w a s u s e d t o pr o d u c e a
tri g g e r f o r t h e d a t a a c q ui siti o n s y st e m. T hi s tri g g e r g e n-
e r a t e d a 2 µ s a c q ui siti o n wi n d o w o n a 1 4- bit, 5 0 0 M H z
w a v ef o r m di giti z e r w hi c h r e c o r d e d t h e p ul s e s h a p e of t h e
s e c o n d c o p y of t h e c o r e N aI si g n al. T h e si g n al s fr o m
t h e ei g ht i n di vi d u al s hi el d el e m e nts a s s o ci a t e d wit h e a c h
c o r e w e r e c o m bi n e d i nt o a si n gl e w a v ef o r m b ef o r e b ei n g
di giti z e d, r e d u ci n g t h e r e q uir e d n u m b e r of di giti z e r c h a n-
n el s. T h e ti m e di ff e r e n c e b et w e e n a n e v e nt tri g g e r a n d
a b e a m- p ul s e ti m e r ef e r e n c e si g n al fr o m t h e a c c el e r a t o r
w a s m e a s ur e d wit h a ti m e- t o- a m plit u d e c o n v e r t e r ( T A C),
a n d t h e o ut p ut w a s t h e n r e c o r d e d o n a d e di c a t e d di giti z e r
c h a n n el. T h e d et e ct o r w a v ef o r m s w e r e c h a r g e-i nt e g r a t e d
t o e xtr a ct t h e e n e r g y d e p o sit e d i n t h e d et e ct o r, a n d t h e
T A C si g n al w a s p e a k- s e n s e d t o pr o d u c e ti mi n g s p e ctr a
f o r e a c h d et e ct o r.

T h e p ul s e d n a t ur e of t h e HI γ S b e a m yi el d e d a pr o mi-
n e nt pr o m pt ti mi n g p e a k f o r e v e nts pr o d u c e d fr o m a
b e a m b ur st, w hil e n o n- b e a m- r el a t e d e v e nts h a v e a fl a t,
r a n d o m ti mi n g di stri b uti o n ( Fi g. 2 ). T h e u n c o r r el a t e d
b a c k g r o u n d, pri m a ril y d u e t o hi g h- e n e r g y c o s mi c r a y s,
o c c ur ri n g wit hi n t h e pr o m pt wi n d o w c a n b e s u p pr e s s e d
b y c o n si d e ri n g t h e e n e r g y d e p o sit e d i n t h e s hi el d s. T h e
p a t h of γ r a y s o ri gi n a ti n g i n t h e t a r g et t hr o u g h t h e c o r e
c r y st al s i s r e stri ct e d b y t h e l e a d c olli m a t o r i n fr o nt of
e a c h d et e ct o r t o a c c e pt o nl y e v e nt sit e s al o n g t h e b e a m
a xi s t h a t c a n f ull y ill u mi n a t e t h e b a c k f a c e of t h e c o r e
wit h o ut dir e ctl y i nt e r s e cti n g t h e s hi el d s e g m e nts. T h e
e n e r g y d e p o sit e d i n t h e s hi el d s f o r s c a tt e ri n g e v e nts i s
pri m a ril y d u e t o el e ctr o m a g n eti c s h o w e r l o s s e s i n t h e c o r e
c r y st al a n d i s t h e r ef o r e m u c h l o w e r c o m p a r e d t o t h e e n-
e r g y d e p o sit e d i n t h e s hi el d s fr o m hi g h- e n e r g y c o s mi c
r a y s. A n a n al y si s u si n g t h e af o r e m e nti o n e d si m ul a ti o n
d e m o n str a t e d t h a t t h e s hi el d e n e r g y d e p o siti o n c a n r e-
d u c e t h e c o s mi c- r a y b a c k g r o u n d wit h o ut a ff e cti n g t h e a c-
c e pt a n c e of C o m pt o n s c a tt e ri n g e v e nts fr o m t h e t a r g et.
T h e a p pli c a ti o n of b o t h t h e ti mi n g a n d s hi el d e n e r g y c uts
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FI G. 3. ( C ol o r o nli n e ) C o m p a ri s o n of f ull- t a r g e t ( c r o s s e s ) a n d
e m p t y- t a r g e t ( o p e n ci r cl e s ) e n e r g y s p e c t r a. T h e e m p t y- t a r g e t
d a t a h a v e b e e n n o r m ali z e d t o t h e n u m b e r of i n ci d e nt p h o t o n s.

i s a bl e t o r ej e ct 9 9. 9 % of t h e c o s mi c- r a y b a c k g r o u n d o v e r
t h e C o m pt o n s c a tt e ri n g p e a k r e gi o n i n t h e e n e r g y s p e c-
tr u m. T h e r e m ai ni n g ti m e- u n c o r r el a t e d b a c k g r o u n d w a s
a c c o u nt e d f o r b y t a ki n g e n e r g y s p e ctr a fr o m t h e r a n d o m s
r e gi o n i n t h e γ r a y ti m e- of- fli g ht s p e ctr u m s h o w n i n Fi g. 2
aft e r a p pl yi n g t h e s hi el d e n e r g y c ut. T h e r a n d o m s r e gi o n
w a s c h o s e n s o a s t o e x cl u d e f a st n e utr o n s fr o m 4 H e br e a k
u p, w hi c h w o ul d a p p e a r i n t h e i m m e di a t e vi ci nit y of t h e
pr o m pt p e a k. T h e e n e r g y s p e ctr u m of e v e nts i n t h e r a n-
d o m s r e gi o n w a s t h e n s c al e d b y t h e r el a ti v e wi dt h of t h e
pr o m pt / r a n d o m ti m e i nt e r v al s a n d s u btr a ct e d fr o m t h e
e n e r g y s p e ctr u m o bt ai n e d fr o m t h e pr o m pt r e gi o n.

E x a m pl e s of t h e r e s ulti n g e n e r g y s p e ctr a of t h e s c a t-
t e r e d γ - r a y s o bt ai n e d aft e r a p pl yi n g t h e a b o v e a n al y si s
a r e s h o w n i n Fi g. 3 f o r t w o C o m pt o n s c a tt e ri n g a n gl e s
wit h t h e t a r g et c ell f ull a n d e m pt y. T h e e m pt y- t a r g et
s u btr a ct e d s p e ctr a a r e s h o w n i n Fi g. 4 f o r t h e s a m e s c a t-
t e ri n g a n gl e s al o n g wit h G e a n t 4 si m ul a ti o n s of t h e d e-
t e ct o r r e s p o n s e f u n cti o n.  Aft e r r e m o vi n g t h e e m pt y-
t a r g et c o ntri b uti o n, t h e f o r w a r d- a n gl e s p e ctr a c o nt ai n
a l o w- e n e r g y e x p o n e nti al b a c k g r o u n d t h a t i s a s s u m e d
t o b e d u e t o a t o mi c s c a tt e ri n g, w hi c h i s ki n e m a ti c all y
s u p pr e s s e d a t b a c k w a r d a n gl e s.  T h e af o r e m e nti o n e d
G e a n t 4 si m ul a ti o n w a s u s e d t o s e p a r a t e t hi s c o ntri b u-
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FI G. 4. ( C ol o r o nli n e ) ( a ) E n e r g y s p e c t r u m a t θ = 5 5 ◦ a f t e r
r e m o vi n g t h e e m p t y t a r g e t c o nt ri b u ti o n. T h e t o t al r e s p o n s e
a t f o r w a r d a n gl e s ( d a s h e d li n e ) i n cl u d e s a n e x p o n e nti al l o w-
e n e r g y b a c k g r o u n d f r o m a t o mi c p r o c e s s e s ( d o t- d a s h e d li n e )
a n d a d e t e c t o r r e s p o n s e f u n c ti o n ( s oli d li n e ) o b t ai n e d f r o m
G e a n t 4 . ( b ) E n e r g y s p e c t r u m a t θ = 1 2 5 ◦ af t e r r e m o vi n g
t h e e m p t y t a r g e t c o nt ri b u ti o n. T h e b a c k w a r d a n gl e s p e c t r a
a r e b a c k g r o u n d-f r e e a n d a r e w ell- d e s c ri b e d b y t h e si m ul a t e d
d e t e c t o r r e s p o n s e ( s oli d li n e ). Yi el d s a r e e x t r a c t e d f r o m t h e
i n di c a t e d i nt e g r a ti o n r e gi o n s.

ti o n fr o m t h e s c a tt e ri n g s p e ctr u m ( Fi g. 4 ( a )). D et e c-
t o r r e s p o n s e f u n cti o n s w e r e o bt ai n e d u si n g t h e G e a n t 4
si m ul a ti o n b y g e n e r a ti n g p h o t o n s u nif o r ml y t hr o u g h o ut
t h e t a r g et v ol u m e a n d r e c o r di n g t h e e n e r g y s u b s e q u e ntl y
d e p o sit e d i n a d et e ct o r v ol u m e. T h e i niti al e n e r g y of
t h e g e n e r a t e d p h o t o n s E ′ w a s c al c ul a t e d b a s e d o n t h e
o ut g oi n g s c a tt e ri n g a n gl e θ a c c o r di n g t o t h e w ell- k n o w n
C o m pt o n s c a tt e ri n g f o r m ul a

E ′ =
E γ

1 + ( E γ / A M N )(1 − c o s θ )
( 1 )

w h e r e E γ = 6 1 M e V i s t h e γ - r a y b e a m e n e r g y a n d A M N

d e n o t e s t h e n u cl e a r m a s s of 4 H e. T h e r e s ulti n g li n e s h a p e
a c c o u nts f o r a b s o r pti o n i n t h e t a r g et c ell a n d t h e v a c u u m
c a n a s w ell a s g e o m etri c e ff e cts b ut n o t f o r t h e i ntri n si c
d et e ct o r r e s ol uti o n a n d t h e e n e r g y s pr e a d of t h e b e a m. A
G a u s si a n s m e a ri n g f u n cti o n w a s a p pli e d t o e a c h i n di vi d-
u al li n e s h a p e t o fit t h e s c a tt e ri n g d a t a, a n d t h e f o r w a r d

a n gl e d et e ct o r s w e r e si m ult a n e o u sl y fit wit h a n e x p o n e n-
ti al f u n cti o n. T y pi c al fit r e s ults a r e di s pl a y e d i n Fi g. 4,
al o n g wit h t h e i nt e g r a ti o n r e gi o n (i n di c a t e d b y t h e v e r-
ti c al d a s h e d li n e s) u s e d t o e xtr a ct yi el d s. T h e fr a cti o n of
t h e fitt e d li n e s h a p e c o nt ai n e d wit hi n t h e i nt e g r a ti o n r e-
gi o n i s c al c ul a t e d a n d u s e d a s a n e ffi ci e n c y f a ct o r i n t h e
e v al u a ti o n of t h e c r o s s s e cti o n. T h e l o w e st e n e r g y i n el a s-
ti c c h a n n el i s t h e t w o- b o d y 4 H e( γ ,p ) 3 H r e a cti o n wit h a
t hr e s h ol d e n e r g y of 1 9. 8 M e V s o t h a t i n el a sti c s c a tt e ri n g
i s n o t e x p e ct e d t o c o ntri b ut e t o t h e yi el d e xtr a ct e d fr o m
t h e i n di c a t e d s u m mi n g r e gi o n s.

I V.  P H E N O M E N O L O G I C A L M O D E L

T h e s e n siti vit y of t h e s e d a t a t o t h e i s o s c al a r el e ctr o-
m a g n eti c di p ol e p ol a ri z a biliti e s c a n b e a s s e s s e d u si n g a
p h e n o m e n ol o gi c al m o d el b a s e d o n t h e t o t al p h o t o a b s o r p-
ti o n c r o s s s e cti o n [ 2 3]. As d e s c ri b e d b y Fel d m a n et al .
[ 2 8] a n d di s c u s s e d f o r t h e c a s e of 4 H e b y F ü h r b e r g et al .
[ 2 9], t h e C o m pt o n s c a tt e ri n g a m plit u d e c a n b e w ritt e n
a s

R (E, θ ) = R G R (E, θ ) + R Q D (E, θ )

+ R S G
1 (E, θ ) + R S G

2 (E, θ ),
( 2 )

w h e r e R G R d e s c ri b e s t h e gi a nt r e s o n a n c e r e s p o n s e, R Q D

i s t h e q u a si- d e ut e r o n a m plit u d e, a n d R S G
1 a n d R S G

2 a r e
t h e o n e- a n d t w o- b o d y s e a g ull ( S G) a m plit u d e s, w hi c h
d e p e n d e x pli citl y o n t h e i s o s c al a r el e ctri c a n d m a g n eti c
di p ol e p ol a ri z a biliti e s, α s a n d β s .

T h e R G R a n d R Q D t e r m s a r e c o m p o s e d of c o m-
pl e x f o r w a r d s c a tt e ri n g a m plit u d e s f λ (E ) t a k e n t o b e
L o r e nt zi a n s, w hi c h a r e m ulti pli e d b y a n a n g ul a r f a ct o r
g λ (θ ) b a s e d o n t h e m ulti p ol e λ of t h e tr a n siti o n

R G R (E, θ ) =

2

λ = 1

f λ (E )g λ (θ )

+
N Z

A
r 0 [ 1 + κ G R ]g E 1 (θ ),

( 3 )

a n d

R Q D (E, θ ) = f Q D (E ) +
N Z

A
r 0 κ Q D

× F 2 (q )g E 1 (θ ),

( 4 )

w h e r e r 0 i s t h e cl a s si c al n u cl e o n r a di u s, a n d t h e [ 1 + κ G R ]
a n d κ Q D t e r m s a r e e n h a n c e m e nts t o t h e G R a n d Q D
p h o t o a b s o r pti o n c r o s s s e cti o n s e x pr e s s e d i n u nits of t h e
cl a s si c al di p ol e s u m r ul e. T h e Q D pr o c e s s d e s c ri b e s s c a t-
t e ri n g fr o m c o r r el a t e d pr o t o n- n e utr o n p air s a n d i s t h e r e-
f o r e m o d ul a t e d b y t h e t w o- b o d y f o r m f a ct o r F 2 (q ), w h e r e
q i s t h e m o m e nt u m tr a n sf e r r e d b y t h e s c a tt e r e d p h o t o n.
T h e a n g ul a r f a ct o r s a r e d et e r mi n e d fr o m t h e w a v e v e ct o r s
a n d p ol a ri z a ti o n s of t h e i n ci d e nt a n d s c a tt e r e d p h o t o n s
a n d a r e li st e d i n T a bl e s I a n d II.
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TABLE I. Dipole angular factors.

� g� (�)

E1 ~��~�0

M1 (~�� k̂) �(~�0 � k̂0)

TABLE II. Dipole angular interference factors.

� � 0 g� (�) g� 0(�)

E1E1, M1M1 (1+cos2 �)/2
E1M1 cos �

The real and imaginary components of the forward
scattering amplitudes can be obtained using the optical
theorem and the Kramers-Kronig dispersion relation [23]

Ref� (E) =
E2

� � E2

4�~c

1

� �

��E
2� 2

�

(E2 � E2
� )

2 + E2� 2
�

(5)

and

Imf� (E) =
E

4�~c

��E
2� 2

�

(E2 � E2
� )

2 + E2� 2
�

(6)

where E� , � � and �� are the resonance energy, width,
and strength, respectively, and are listed in Table III. As
noted in [29], these parameters accurately describe the
total photoabsorption cross section data of 4He, which
can be treated as containing only electric dipole (E1)
contributions.
The seagull amplitudes account for nucleon substruc-

ture and meson-exchange degrees of freedom and preserve
gauge invariance in the total scattering amplitude. The
one-body seagull amplitude can be written as

RSG
1 (E;�) = � F1(q)

( "
Zr0 �

�
E

~c

� 2

A� s

#
gE1(�)

�

"�
E

~c

� 2

A�s

#
gM1(�)

)
:

(7)

This process is modulated by the one-body form factor
F1(q), obtained from the Fourier transform of the charge

TABLE III. Lorentzian resonance parameters describing the
4He total photoabsorption cross section. Each resonance is
taken to be an E1 multipole.

Resonance Eres (MeV) � res (MeV) �res (mb)
1 27.5 16.2 3.06
2 42.8 16.6 0.62

QD 70.0 97 0.20

distribution �(r)

F1(q) = 4�

Z
�(r)eiq�rd3r (8)

where �(r) is a three-parameter Fermi function [30]

�(r) = �0
1 + wr2=c2

1 + e(r� c)=z
(9)

with w = 0:445, c = 1:008 fm, z = 0:327 fm, and where
�0 has been chosen to satisfy the normalization condition
F1(0) = 1.
The two-body seagull amplitude is

RSG
2 (E;�) = � F2(q)

NZ

A
(�GR + �QD)r0gE1(�): (10)

The two-body form factor is chosen by convention as
F2(q) = [F1(q=2)]

2.

V. RESULTS AND DISCUSSION

The di�erential cross section, integrated over the full
angular acceptance of each detector, is plotted as a func-
tion of lab scattering angle in Fig. 5(a) and listed in Ta-
ble IV. Sources of systematic uncertainty include the
incident number of photons (� 2%), the target thickness
(� 1%), and the angle-dependent yield extraction. Also
shown are unpublished data at E
 = 60 MeV measured
at the University of Illinois [31], and cross section results
from MAX-LAB (Lund) at 87 MeV [29] (Fig. 5(b)). Our
data are consistent with the Illinois measurements [31].
Though the data from [29] were taken at a higher en-
ergy, they are nevertheless useful for comparison with
the present data. In this energy regime, the photonu-
clear response is primarily due to giant resonant e�ects,
as discussed above, so that the scale of the Compton
scattering cross section exhibits a modest dependence on
beam energy. The higher-energy elastic Compton scat-
tering data from Lund, however, show a notable fore-aft
asymmetry absent in the present data, which the authors
of [29] could only account for with an unexpectedly large
value of the electromagnetic polarizability of the neutron.
Without a full EFT treatment of these 4He data, the

phenomenological model used in this case essentially pro-
vides a proof of principle for the utility of a 4He target
to determine � s and �s. Nevertheless, some signi�cant
conclusions can be drawn. In Fig. 5(a), the excellent
agreement between the current data and the earlier Illi-
nois data [31] helps con�rm the validity of our absolute
cross sections. The curves in Fig. 5 were calculated us-
ing the phenomenological model with no free parameters.
The relevant input parameters for the E1 strength and
the QD cross section were taken from �ts of 4He pho-
toabsorption [29] and the isospin-averaged nucleon po-
larizability values � s and �s were taken from the EFT
values of Eq. 5.8 of the review in Ref. [14]. The resulting
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 ( d e g)
L a b

θ
0 2 0 4 0 6 0 8 0 1 0 0 1 2 0 1 4 0 1 6 0 1 8 0

 (
n
b/

sr
)

Ω
/
d

σ
d

4 0

6 0

8 0

1 0 0

1 2 0

1 4 0

1 6 0
SγHI

Illi n oi s

 = 3. 6β = 1 0. 9, α

 2

±

 = βδ 2, ± = αδ

 = 6 1 M e VγE

( a)

 ( d e g)
L a b

θ
0 2 0 4 0 6 0 8 0 1 0 0 1 2 0 1 4 0 1 6 0 1 8 0

 (
n
b/

sr
)

Ω
/
d

σ
d

4 0

6 0

8 0

1 0 0

1 2 0

1 4 0

1 6 0
L u n d

 = 3. 6β = 1 0. 9, α

 2

±

 = βδ 2, ± = αδ

 = 8 7 M e VγE

( b)

FI G. 5. ( C ol o r o nli n e ) ( a ) Di ff e r e nti al c r o s s s e c ti o n s m e a-
s u r e d a t HI γ S ( ci r cl e s, E γ = 6 1 M e V ) a n d Illi n oi s ( t ri a n gl e s,
E γ = 6 0 M e V ) [ 3 1]. T h e s y s t e m a ti c u n c e r t ai nti e s f o r HI γ S
d a t a a r e s h o w n i n bl u e u n d e r n e a t h e a c h d a t a p oi nt. ( b ) Dif-
f e r e nti al c r o s s s e c ti o n m e a s u r e d a t E γ = 8 7 M e V a t L u n d [ 2 9].
T h e s y s t e m a ti c u n c e r t ai nt y w a s e s ti m a t e d a t 1 5 %. T h e c u r v e s
w e r e c al c ul a t e d u si n g t h e p h e n o m e n ol o gi c al m o d el d e s c ri b e d
i n t h e t e x t.

θ L a b
d σ
d Ω

( n b / s r )

4 0 ◦ 1 1 9 . 8 ± 6. 8 ± 4. 2
5 5 ◦ 1 1 5. 9 ± 5. 4 ± 1. 5
7 5 ◦ 8 9. 8 ± 3. 2 ± 1. 5
1 1 0 ◦ 8 5. 8 ± 3. 3 ± 1. 3
1 2 5 ◦ 9 5. 3 ± 2. 9 ± 1. 5
1 4 5 ◦ 1 2 0. 0 ± 3. 2 ± 1. 1
1 5 9 ◦ 1 5 0. 2 ± 3. 5 ± 1. 5

T A B L E I V. T h e m e a s u r e d C o m p t o n s c a t t e ri n g c r o s s s e c ti o n
of 4 H e a t E γ = 6 1 M e V s h o w n i n Fi g. 5 ( a ). T h e fi r s t u n-
c e r t ai nt y i s s t a ti s ti c al a n d t h e s e c o n d i s t h e a n gl e- d e p e n d e nt
c o nt ri b u ti o n t o t h e s y s t e m a ti c u n c e r t ai nt y. T h e d a t a h a v e a n
a d di ti o n al o v e r all s y s t e m a ti c u n c e r t ai nt y of 2. 2 %.

p h e n o m e n ol o gi c al c ur v e cl e a rl y pr o vi d e s a g o o d d e s c ri p-
ti o n of t h e d a t a a t 6 1 M e V.

T h e b a n d gi v e n b y t h e d o tt e d c ur v e s i n Fi g. 5 ill u s-
tr a t e s t h e s e n siti vit y t o v a r yi n g β s b y 2 u nits, b ut k e e p-
i n g t h e s u m- r ul e c o n str ai nt of α s + β s = 1 4 .5. Wit h fi x e d
α s + β s , t h e f o r w a r d- a n gl e c r o s s s e cti o n r e m ai n s i n v a ri a nt,
s o t h a t it i s α s − β s w hi c h v a ri e s a n d i m p a cts t h e b a c k-
a n gl e c r o s s s e cti o n, a s s e e n i n Fi g. 5. W hil e w e h a v e n o t
tri e d t o e x pli citl y fit t h e p h e n o m e n ol o gi c al m o d el t o t h e
d a t a, it i s a p p a r e nt t h a t t h e s e n siti vit y t o α s − β s i s l a r g e r
t h a n t h e e x p e ri m e nt al st a ti sti c al u n c e r t ai nti e s of 2- 4 % i n
o ur b a c k- a n gl e m e a s ur e m e nts. W hil e t h e f o r w a r d- a n gl e
c r o s s s e cti o n i s n o t v a r yi n g, t h e f a ct t h a t t h e p h e n o m e n o-
l o gi c al c ur v e wit h t h e s u m- r ul e c o n str ai nt i s f ull y c o n si s-
t e nt wit h o ur d a t a i s a str o n g c o n fir m a ti o n of o ur a n al y si s
pr o c e d ur e a n d o ur a b s ol ut e n o r m ali z a ti o n.

We c a n e xt e n d t h e c o m p a ri s o n t o t h e 8 7 M e V d a t a of
t h e L u n d / G ö tti n g e n g r o u p [ 2 9] a s s e e n i n Fi g. 5 ( b). T h e
p h e n o m e n ol o gi c al c ur v e f o r t hi s e n e r g y i s c o n si st e nt wit h
t h e d a t a p oi nts a t 6 0 ◦ a n d 9 0 ◦ , b ut cl e a rl y n o t a t 1 5 0◦ .
E v e n t h e u p p e r d o tt e d c ur v e i n Fi g. 5 ( b) d o e s n o t a g r e e
wit h t hi s b a c k- a n gl e p oi nt. I n o r d e r t o m a t c h t h e c ur v e
t o t h e d a t a p oi nt a t 1 5 0 ◦ , a m u c h l a r g e r v al u e of β s w o ul d
b e r e q uir e d, f a r fr o m t h e c ur r e ntl y a c c e pt e d fr e e- n u cl e o n
v al u e. A si mil a r di s c r e p a n c y wit h a n o t h e r d a t a s et fr o m
t h e L u n d / G ö tti n g e n g r o u p w a s o b s e r v e d i n t h e c a s e of
C o m pt o n s c a tt e ri n g fr o m 1 6 O [ 3 2, 3 3] a s c o m p a r e d t o
d a t a t a k e n a t S a s k a t o o n [ 2 8].

I n s u m m a r y, a n e w hi g h- pr e ci si o n d a t a s et f o r C o m p-
t o n s c a tt e ri n g o n 4 H e h a s b e e n m e a s ur e d a n d s h o w n t o
b e c o n si st e nt wit h c ur r e ntl y a c c e pt e d n u cl e o n p ol a ri z-
a bilit y v al u e s wit hi n t h e fr a m e w o r k of a p h e n o m e n ol o g-
i c al m o d el a n d wit h e xi sti n g d a t a a t t hi s e n e r g y [ 3 1].
T h e hi g h e r c r o s s s e cti o n f o r t h e Z = 2 n u cl e u s pr o vi d e s
e n h a n c e d s e n siti vit y t o α s a n d β s , a n d t h e s e n e w d a t a
will s e r v e a s a m o ti v a ti o n f o r m o r e d et ail e d t h e o r eti c al
tr e a t m e nts t o b e e xt e n d e d t o li g ht n u cl ei.

A C K N O W L E D G M E N T S

T h e w o r k d e s c ri b e d i n t hi s a r ti cl e i s f u n d e d
i n- p a r t b y t h e  U S  D e p a r t m e nt of  E n e r g y u n-
d e r c o ntr a cts D E- S C 0 0 1 5 3 9 3,  D E- S C 0 0 0 5 3 6,  D E-
F G 0 2- 9 7 E R 4 1 0 3 3,  D E- F G 0 2- 9 7 E R 4 1 0 4 1,  D E- F G 0 2-
9 7 E R 4 1, D E- F G 0 2- 9 7 E R 4 1 0 4, D E- F G 0 2- 9 7 E R 4 1 0 3 3,
D E- S C 0 0 1 6 5 8 1, D E- F G 0 2- 0 3 E R 4 1 2 3 1, D E- S C 0 0 1 6 5 1 2,
N a ti o n al S ci e n c e F o u n d a ti o n g r a nts N S F- P H Y- 1 7 1 4 8 3 3,
N S F- P H Y- 1 3 0 9 1 3 0, a n d N S F- 1 3 0 1 8 4 3, a n d t h e D e a n’ s
R e s e a r c h C h air pr o g r a m of t h e C ol u m bi a n C oll e g e of
Ar ts a n d S ci e n c e s a t T h e G e o r g e W a s hi n g t o n U ni v e r sit y.
We a c k n o wl e d g e t h e fi n a n ci al s u p p o r t of t h e N a t ur al S ci-
e n c e s a n d E n gi n e e ri n g R e s e a r c h C o u n cil of C a n a d a. We
a c k n o wl e d g e t h e s u p p o r t of t h e HI γ S o p e r a t o r s f o r t h e
pr o d u cti o n of t h e γ - r a y b e a m a n d t h e t e c h ni c al st a ff f o r
s u p p o r t of t h e e x p e ri m e nt al s et u p.
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