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Experiments with Photon Beams 
at the HIgS Facility 

Calvin R. Howell 
Duke University and Triangle Universities Nuclear Laboratory (TUNL)

• Nuclear structure and Astrophysics: NRF, (g, particle) and (g, fission) 
at Eg < 20 MeV; and Compton scattering at Eg < 60 MeV

• Applications: Eg < 20 MeV

• Investigation of the strong nuclear force in the context of few-
nucleon systems: photodisintegration of 3N systems

• Nucleon structure in terms of low-energy effective degrees of 
freedom: Compton scattering at Eg > 60 MeV

Program Components:

* Picture from:  J. Arrington, arXiv:1208.4047v1[nucle-ex]  
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Triangle Universities Nuclear Laboratory (TUNL)
• High Intensity Gamma-ray Source (HIgS) is operated by the Triangle Universities Nuclear Laboratory (TUNL)
• Which is one of four U.S. Department of Energy (DOE) Centers of Excellence in Nuclear Physics
• TUNL consists of 4 universities in the Research Triangle Area in North Carolina: Duke University and NC 

Central University in Durham, NC State University in Raleigh, and The University of NC in Chapel Hill
• HIgS is located on the campus of Duke University



TUNL

3SPIN2021: October 18 - 22, 2021

High Intensity Gamma-ray Source (HIgS)

1.2 GeV Storage Ring FEL

Features that enable basic and applied research
• Wide beam energy range: 1 to 110 MeV
• Selectable beam energy spread (by collimation)
• High beam intensity on target (>107 g/s @ DE/E = 5%)
• >95% beam polarization (linear and circular)
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Example:
Ee = 800 MeV è g = 1566
lFEL = 193 nm
EFEL = 6.43 eV
Eg = 63.1 MeV

(2g)2
g-ray flux à Ie * Poc

Beam time structure:  
T = 180 ns and Dt = 300 ps

Energy resolution by collimation

TUNL

TUNL Advisory Committee Meeting, May 11-12, 2020 7

Operation Principle of HIGS                                                

V.N. Litvinenko et al. PRL v. 78, n. 24, p. 4569 (1997)

Two electron bunches + two FEL pulses

FEL Wiggler Switchyard 2012/05/23
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Zoomed Out View of Research at HIgS

HIgS operates about 1800 hours/year for nuclear physics research

Compton Scattering
nucleon electric and magnetic polarizabilities
nucleon spin polarizabilities

Few-nucleon Systems
photodisintegration of 2H, 3He and 3H (cross sections, target-beam helicity 
dependent cross sections, polarization transfer) 

Nuclear Structure and Nuclear Astrophysics
NRF, (g,g’)
(g,n), (g,p), (g,a) and (g, fission) reactions

Figure from 2007 USA Nuclear Science LRP

Applied Research:
• Nuclear Security
• Medical Isotope R&D
• Particle Detector R&D

Low-Energy QCD:

Many-body Strongly Interacting Systems:
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Target Room Layout at HIgS

g-ray Compton-scattering
Setup

(Upstream Target Room)
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HIgS Research: Nuclear Structure, Fission and Astrophysics
A.  Nuclear Structure and Many-Body Reactions 

A.1. NRF (g,g’), (g,n), (g,a) 
• Collective excitations, e.g., PDR, multiple phonon exchange
• Dipole strength (M1 and E1)
• Structure near the ground state (shapes, coexistence, effective int.)

A.2. Compton Scattering (linearly polarized beam) from Nuclei
• IVGQR à Asymmetry term in the nuclear EOS

A.3. Photon-Induced Fission
• Fission Product Yields (activation)
• Cross sections (fission chamber and prompt neutron detection)

B.  Nuclear Astrophysics 
B.1. NRF (g,g’) 

• Dipole strength function (M1 and E1)
• Identification & properties of states near/at the particle threshold

B.2. (g,n), (g,p) and (g,a) reaction measurements
• Cross sections near reaction threshold
• Resonance studies

The mass and size of the final iron core is 
critically dependent on the 12C(α,g)16O 
reaction rate

α + α + α ® 12C + γ ; production of 12C during 
helium burning

12C + α ® 16O + γ ; converts 12C to 16O 
è determines 12C/16O
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Nuclear Resonance Florescence (NRF) with linearly polarized photon beam
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• 8 HPGe clover detectors
• Up to 12 CeBr scintillator detectors

Clover-Share Collaboration
• 18 institutions + TUNL
• 7 countries

Argonne National Lab (USA) Technische Universität Darmstadt (Germany)

Diakonie-Klinikum Schw ̈abisch Hall (Germany) U.S. Naval Academy (USA)

GSI Helmholtz Centre (Germany) Univ. of Kentucky (USA)

Helmholtz-Zentrum Dresden-Rossendorf (Germany) Univ. of Köln (Germany)

Inst. for Nuclear Research (Hungary) Univ. Libre de Bruxelles (Belgium)

James Madison Univ. (USA) Univ. of Oslo (Norway)

Lawrence Livermore National Lab (USA) Univ. of  the West Scotland (Scotland)

Mississippi State Univ. (USA) Univ. of Witwatersrand (South Africa)

NSCL/Michigan State Univ. (USA) Univ. of Zululand (South Africa)

Nuclear Structure and Astrophysics: Clover-share Array

UTR

Provided by the 
Clover Share 
Consortium, the 
US Naval 
Academy, the US 
Army Research 
Lab, and TUNL

g-ray beam
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Shape Coexistence in Nickel Isotopes
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Shape Coexistence in 64Ni

64Ni
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HPGe Sum Spectrum
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Nuclear Astrophysics: 16O + g à a + 12C

ARTICLE

Precision measurements on oxygen formation in
stellar helium burning with gamma-ray beams
and a Time Projection Chamber
R. Smith 1,2!, M. Gai 2, S. R. Stern 2, D. K. Schweitzer 2 & M. W. Ahmed3,4

The carbon/oxygen (C/O) ratio at the end of stellar helium burning is the single most

important nuclear input to stellar evolution theory. However, it is not known with suf!cient

accuracy, due to large uncertainties in the cross-section for the fusion of helium with 12C to

form 16O, denoted as 12C(!, ")16O. Here we present results based on a method that is

signi!cantly different from the experimental efforts of the past four decades. With data

measured inside one detector and with vanishingly small background, angular distributions of

the 12C(!, ")16O reaction were obtained by measuring the inverse 16O(", !)12C reaction with

gamma-beams and a Time Projection Chamber (TPC) detector. We agree with current world

data for the total reaction cross-section and further evidence the strength of our method with

accurate angular distributions measured over the 1! resonance at Ecm ~ 2.4 MeV. Our

technique promises to yield results that will surpass the quality of the currently available data.

https://doi.org/10.1038/s41467-021-26179-x OPEN

1 Department of Engineering and Mathematics, Shef!eld Hallam University, Shef!eld S1 1WB, UK. 2 Laboratory for Nuclear Science at Avery Point, University
of Connecticut, Groton, CT 06340-6097, USA. 3 Triangle Universities Nuclear Laboratory, Duke University, Durham, NC 27708-0308, USA. 4Department of
Mathematics and Physics, North Carolina Central University, Durham, NC 27707, USA. !email: robin.smith@shu.ac.uk

NATURE COMMUNICATIONS | (2021)12:5920 | https://doi.org/10.1038/s41467-021-26179-x | www.nature.com/naturecommunications 1

12
34

56
78

9
0
()
:,;



TUNL

13SPIN2021: October 18 - 22, 2021

Optical Time Projection Chamber (O-TPC)

 3 

[11, 12]. The O-TPC concept on the other hand appears well suited for experiments at 

gamma-ray facilities such as the HI!S at the Triangle Universities Nuclear Lab (TUNL)  

[13,14] as used in the present study with intense gamma-ray beams [15].  

 

The design of the current detector relies on extensive studies with a prototype O-TPC, in 

which an appropriate oxygen-rich target-gas (CO2) mixed with a light emitting gas (N2), 

was selected [16]. In this article we discuss the O-TPC detector, its optical readout 

elements along with the data-acquisition (DAQ) system and analysis concepts. The 

results of system characterization and calibrations with a 
148

Gd radioactive source and 

extensive tests with gamma-ray beams at the HI!S facility are also discussed.  

 

2.  The O-TPC Detector System 
2.1 The TPC 

 
Fig. 1: A schematic diagram of the Optical Readout Time Projection Chamber (O-TPC) 

with an 
16

O target nucleus dissociated by the gamma-ray beam from HI!S. The gas 

mixture and pressure as well as the operating voltages are indicated. The drift electrons 

that provide the third (time projection) upward dimension are shown schematically. 

 

A schematic diagram of the O-TPC detector with the optical readout chain including a 

CCD camera to record the track-images and the PMTs to record the time-projected 

coordinate is shown in Fig. 1. The four walls of the drift chamber region, with 

dimensions of 30x30 cm
2
 and 21.0 cm height, are made out of double-sided G10 printed 

circuit boards (PCB) with 66 copper strips each 2.5 mm wide with 0.4 mm spacing, 

establishing a very homogenous drift field. The copper strips are interconnected through 

1 M& resistors to form a high-voltage divider, as shown in Fig. 2. The gamma-ray beam 

(as well as the calibration source) enters and exits the drift volume via 15 mm diameter 
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An optical readout TPC (O-TPC) for studies in
nuclear astrophysics with gamma-ray beams at HI!S1

M. Gai,a,b,2 M.W. Ahmed,c S.C. Stave,c W.R. Zimmerman,a,b A. Breskin,d

B. Bromberger,e R. Chechik,d V. Dangendorf,e Th. Delbar, f R.H. France III,g

S.S. Henshaw,c T.J. Kading,a P.P. Martel,c,h J.E.R. McDonald,b,i P.-N. Seo,a,c

K. Tittelmeier,e H.R. Wellerc and A.H. Younga

aLNS at Avery Point, University of Connecticut,
Groton, CT 06340-6097, U.S.A.

bDept. of Physics, Yale University,
New Haven, CT 06520-8124, U.S.A.

cTUNL, Dept. of Physics, Duke University,
Durham, NC 27708, U.S.A.

dDept. of Particle Physics, Weizmann Institute of Science,
76100 Rehovot, Israel

ePhysikalisch-Technische Bundesanstalt,
38116 Braunschweig, Germany
fUniversité Catholique de Louvain,
1348 Louvain-la-Neuve, Belgium

gGeorgia College & State University,
CBX 82, Milledgeville, GA 31061, U.S.A.

hDept. of Physics, University of Massachusetts,
Amherst, MA 01003, U.S.A.
iDept. of Physics University of Hartford,
West Hartford, CT 06117-1599, U.S.A.

E-mail: moshe.gai@yale.edu

ABSTRACT: We report on the construction, tests, calibrations and commissioning of an Optical
Readout Time Projection Chamber (O-TPC) detector operating with a CO2(80%) + N2(20%) gas
mixture at 100 and 150 Torr. It was designed to measure the cross sections of several key nuclear
reactions involved in stellar evolution. In particular, a study of the rate of formation of oxygen
and carbon during the process of helium burning will be performed by exposing the chamber gas
to intense nearly mono-energetic gamma-ray beams at the High Intensity Gamma Source (HI!S)

1Supported by the Richard F. Goodman Yale-Weizmann Exchange Program, ACWIS, NY, and USDOE grant Num-
bers: DE-FG02-94ER40870 and DE-FG02-97ER41033.

2Corresponding author.

c! 2010 IOP Publishing Ltd and SISSA doi:10.1088/1748-0221/5/12/P12004
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Figure 10. A photograph (back view) of the O-TPC setup placed on a movable platform in the beam line
at HI!S. The beam enters the TPC from the front and the source is inserted from the back. Shown are the
gas handling system (back right), TPC, mirror box, optical readout box, CAEN high-voltage power supply,
electronics and VME DAQ system.

200 µm thick Kapton entrance window was placed approximately 50 cm before the O-TPC with
a strong magnetic field (500 Gauss) to deflect the electrons produced at the Kapton window. The
interaction point of the 9.771MeV gamma-ray beam with oxygen nuclei to produce "+12C tracks
was measured in this analysis by determining the end of the 12C track (and knowledge of the length
of the 12C track) as shown in figure 11. The FWHM of the extracted interaction points is equal
to the beam diameter of 12 mm and the tail is due to the fluctuations in the measured edge of the
12C track. The centroid of the distribution of interaction points is at X = +2 mm indicating a +2
mm misalignment of the camera (for these data). The misalignment of the camera (for these data)
is corrected by shifting the beam position on the track-image. This shift (+2 mm) is negligible as
compared to the 12 mm width of the beam spread.

Typical "+12C events from the dissociation of 16O are shown in figure 12. Note that an
approximately 9.5MeV gamma-ray beam yields an approximately 1.8MeV alpha-particle and an
approximately 0.6MeV 12C from the dissociation of 16O. A “three alpha-particle event” from the
dissociation of 12C is shown in figure 13. The measured line shape of the PMT signal allowed us to
reconstruct the track geometry shown in figure 13. All events were measured at a pressure of 100
Torr. Note that the track width is approximately 6.5 mm as shown in figure 12. The 63 mm track
length of the horizontal (flat) "+12C track shown in figure 12, is as expected from the range of

– 11 –
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Figure 12. A typical 63 mm long ! + 12C track recorded at 100 Torr by the CCD camera (top left) from
the dissociation of 16O by 9.77MeV gamma-rays. The transverse (top right) and longitudinal (bottom left)
projections of this nearly horizontal (" ! 0o) track are shown together with the fitted line shapes (Gassian
and dE/dx, respectively). The PMT time projected pulse-shape (bottom right) of a different tilted track
(" !"41o) is also shown together with the fitted dE/dx line shape (in black). The extracted in-plane angle
(!) and out of plane angle (" ) are indicated for the two different events shown in the bottom panels. The
large light variations observed in the longitudinal projection arise from the fiber structure of the window in
the back of the MCP.

the TPC, and therefore they deposit only a fraction of their energy in the O-TPC. Hence, by lower-
ing the pressure to 100 Torr we removed most of the proton events that deposit less than 1.0MeV
in the gas and are below the trigger threshold.

Linearly polarized photons are well suited for measurements with the O-TPC since the outgo-
ing particles for the reaction we are studying are emitted mainly in the horizontal plane, and the
multiplied ionization charge is spread over the few cm long projected track. Circularly polarized

– 13 –
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Figure 13. Three alpha-particle event from the dissociation of 12C measured at 100 Torr. The projected
2D track and time of this event are shown in the lower part of the figure together with the fitted line shape
of the light detected from the emerging three alpha-particles. The geometry of the reconstructed event is
shown schematically with !1 emitted horizontally and the 8Be decay products, !’ and !”, emitted upward
and downward, respectively.

gamma-rays, in contrast, do not yield a preferred plane of emission for the outgoing particles, thus
outgoing particles can be emitted straight upward toward the grids. Such upward-traveling particles
create large local electron densities (approximately 108 electrons) - close to the Raether limit [25]
which leads to discharges. Hence such upward-going events cannot be measured in the O-TPC
detector. This reduces the usable solid angle to values smaller than 4" , and the measured data must
be corrected for this deficiency.

6 Conclusions and outlook

An O-TPC has been constructed, calibrated and tested with (3.18MeV) alpha-particles from a
148Gd source and with intense (approximately 9.5 MeV) gamma-ray beams from the HI#S facility

– 14 –

12C + g à a + a + a
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The integrated total beam intensity was measured using plastic
paddle detectors, which were calibrated to absolute !ux using the
attenuated beam and 10" NaI(Tl) detector. There is an estimated
11% uncertainty in the beam !ux, due to uncertainties in the
copper attenuators. The counts at each beam energy, along with
the beam !ux and the ef"ciency, were used to calculate the total
cross-section of the 16O(!, ") reaction, from which we derived the
cross-section of the 12C(", !) reaction, as shown in Fig. 3, using
detailed balance. Using the method described in ref. 12, a
correction factor was applied to the cross sections to account
for the energy spread of the gamma beam. Systematic errors in
the cross-section due to the beam energy uncertainty were
estimated by examining the variation of the world data cross-
section ±30 keV about each Eeff

cm. In Fig. 3, the error bars contain
statistical uncertainties (4!15%) and uncertainties due to the
beam energy, but exclude the global 11% uncertainty on the beam
intensity.

An overall agreement with the previously measured total cross-
section allows us to benchmark our results against previous
measurements. It is essential to benchmark our data at energies
above 2.0 MeV where the total cross-section (over the 1!
resonance) is large and determined with high accuracy, with an
agreement among measurements, as we show in Fig. 3. This
benchmarking is required at this stage to further demonstrate the
validity and strength of our method. It further motivates
extending our measurements to lower energies, which is made
possible by major investments in developing new initiatives18 and
new facilities19,20.

Fitted angular distributions. The scattering angle in the
laboratory frame was converted to the centre-of-mass scattering
angle (shift < 2!) and saved for each event. Data were then "tted
with the partial wave decomposition2

W!#" # !3jAE1j
2 $ 5jAE2j

2"P0!cos #"

$
25
7
jAE2j

2 % 3jAE1j
2

! "
P2!cos #"

%
60
7
jAE2j

2P4!cos #"

$ 6
###
3

p
jAE1jjAE2j cos $12 P1!cos #" % P3!cos #"

$ %
;

by varying all three "t parameters: AE1,AE2, and $12. The theo-
retical angular distributions were convolved with a Gaussian to
account for a 2! angular uncertainty. All "ts utilised the unbinned
maximum likelihood method in order to negate the effects of
angle binning and preserve our excellent angular resolution. The
solid "t lines in Fig. 4 show the optimised partial wave decom-
positions convolved with the angular resolution, and include
angular distribution attenuation factors (Qi) to account for angle
binning2. For 20! bins, the obtained %2/& "t values are 0.17, 1.62,
1.51, 4.79, 5.89, and 0.85 at Eeff

cm = 2.02, 2.29, 2.47, 2.64, 2.82, and
3.28 MeV, respectively. We note that the %2 values are quite
sensitive to the choice of angle binning. Due to the 2.64 MeV
point’s proximity to the very narrow 2+ resonance at 2.68 MeV,
this angular distribution was "t as a sum of a pure E2 angular
distribution (40%) and the partial wave decomposition (60%)2.
The relative contribution of the narrow E2 resonance was
determined by examining the total energy deposited in the
detector for all identi"ed 16O events at this beam energy, which
was "t with a sum of two Gaussians.

Discussion
The obtained E1!E2 mixing phase angles ($12) are shown in
Fig. 5. The theoretically predicted $122, discussed above, averaged

over the beam energy resolution (FWHM~300 keV), is also
plotted in Fig. 5. Our measured $12 values are in general agree-
ment with the trend predicted by unitarity, exhibiting a strong
variation across the 1! resonance region.
In conclusion, we have presented a measurement of the

12C(", !)16O reaction, using an entirely different approach to
previous experimental efforts, with different systematic errors.
Our method permitted us to measure angular distributions
spanning the energy region Ecm = 2.0!2.6 MeV, with improved
precision, as for example in comparison with Assunção et al.6.
This demonstrates the power of our experimental approach as a

Fig. 4 Measured angular distributions of the 12C(!, ")16O reaction.
Plotted data include ef!ciency corrections and are presented at the shown
"effective" centre-of-mass energies, with the three parameter !t ("AE1",
"AE2", and !12) of the partial wave decomposition. The 1" SD error bars
show statistical uncertainties due to the number of events measured in
each angle bin.

Fig. 5 The measured E1-E2 mixing phase angles. The measurements of !12

are compared to the phase angles predicted by unitarity13, 14 (green line),
and the prediction convolved with the gamma-beam energy resolution of
FWHM ~300 keV (black line). The error bars show 1" SD statistical
uncertainties extracted from the !ts to the angular distributions.

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-26179-x ARTICLE
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Nuclear Structure and Astrophysics: Other Technologies

Multi-Wire Proportional Chamber (MWPC)

Silicon Strip Detector Array Photon-induced Nuclear Reactions with Emission of Charged Particles
Examples:
• 16O(g, a), 12C(g, 3a)
• 9Be(g, aa)n
• 2H(g, p) 
• 7Li(g, t)

Time Projection Chamber (TPC)

Users
• 20 institutions + TUNL
• 10 countries

ANL (USA) Sheffield Hallam Univ. (UK)

C.S.N.S.M, Orsay (France) Sungkyunkwan (S. Korea)

ELI-NP and IFNN-HH  (Romania) Texas A&M Univ. (USA)

INFN, Catania (Italy) TU Darmstadt (Germany)

Joint Res. Center, EC  (Belgium) Univ. Birmingham (UK)

LBNL (USA) Univ. Connecticut (USA)

MTA Atomki (Hungary) Univ. of Kentucky (USA)

NSCL/Michigan State Univ. (USA) Univ. of  Mainz (Germany)

ORNL (USA) Univ. of  Warsaw (Poland)

Ohio Univ. (USA) Univ. of  York (UK)
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Low-Energy QCD
C.  Low-Energy QCD

C.1. Compton Scattering from Unpolarized Nuclei: 
Proton and Light Nuclei (A < 5)
ds(q)/dW, Sbeam, S3 à [EFT analysis] à ap, bp, gp, aN, bN an, bn

C.2.  Polarization transfer in photodisintegration of 2H  
C.3. Photodisintegration of Few-Nucleon Systems, e.g., 3He, 3H

* Picture from:  J. Arrington, arXiv:1208.4047v1[nucle-ex]  

a
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Investigation of the 3He GDH Sum Rule

• spin dependent total photon-absorption cross section
P
Ns

A
Ns

anomalous magnetic moment

nthr pion production/photodisintegration threshold
Nk

( ) ( )[ ] I
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dI N
N
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N
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GDH
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2
2

24 kapnsns
n
n

n
ò
¥

=-=

Based on general principles of physics: Lorentz and gauge invariance, crossing symmetry, causality and unitarity

S.B.Gerasimov in Sov. J. Nucl. Phys.; S.D. Drell et al., in Phys. Rev. Lett. (1966)

~90% ~1.5%

S S
’

D
Plateau value of the GDH integral of 
3He below pion threshold based  on 
state-of-the-art calculations is ~140µb.
Total IGDH,3He=496 µb

~8%

• HIγS provides unique contribution  
below the pion production threshold

• Connects to higher energy JLab
program from inclusive e- scattering

• Provides stringent tests of few-body 
calculations

• Tests pol. 3He as effective pol. 
neutron target
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HIγS results on 3He GDH integrand from three-body breakup with double polarizations

Deltuva et al.
Skibinski et al. 

G. Laskaris et al., Phys. Rev. Lett. 110, 202501 (2013) 
G. Laskaris et al., Phys. Rev. C 89, 024002 (2014)
G. Laskaris et al., Phys. Lett. B 750, 547 (2015)

Target setup for two-body photodisintegration 
measurement by detection of protons 

Duke HIGS Cell: “Spot”
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Cell volume via external measurements

Internal measurements: main volume1

target chamber transfer tube pumping chamber

R = 14.6mm R = 3.9mm R = 40.55mm

L = 366.8mm H = 96.1mm

Internal measurements: pullo↵2

quarter-torus cylinder frustum

Rt = 12.025mm rc = 3.8mm rf1 = 4.0mm

rt = 7.275mm hc = 8.4mm rf2 = 2.35mm

hf = 15.1mm

1R is 1mm less than half the average of 31.4mm, 30.8mm, 31.0mm, and 31.7mm, the measurements of the cell’s diameter
at four locations along the cylindrical section, roughly evenly-spaced and including the ends.

2Measurements were taken before pulling o↵ the cell. rt is derived from the average outer diameter of the quarter-torus.

1

Figure 3.5: The dimensions of the 3He Pyrex cell named SPOT measured by
Professor’s Averett group at the College of William and Mary.

cylindrical target chamber 2.9 cm in diameter having entrance and exit windows of

250 µm thickness. The two chambers were connected through a 9.1 cm long transfer

tube which was 7.8 mm in diameter. All length measurements refer to the inner

dimensions of the target cell. A schematic with the dimensions of the 3He cell can

be seen in Figure 3.5. The filling density of 3He was 6.48±0.1 amg1. Two beams

were incident on the cell at the time of the experiment: the HI�S beam on the target

chamber and a near infrared laser beam–responsible to polarize 3He–on the pumping

chamber. Chapter 4 is dedicated to the operational principles of the 3He target and

no more details will be given here.

3.4.4 N2 reference cell

A reference cell almost identical to the target chamber of the 3He cell and filled with

only 0.110 amg (⇠90 torr) of N2 gas was employed for measuring the backgrounds.

1 An amagat is the number density of an ideal gas at 0�C and 1 atmosphere: 1 amg=2.6894⇥1019

atoms/cm3.
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GDH Sum Rule: 2-body photodisintegration PHYSICAL REVIEW C 103, 034311 (2021)

First measurement of the asymmetry and the Gerasimov-Drell-Hearn integrand from the
!3He(!!, p) 2H reaction at an incident photon energy of 29 MeV
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The first measurement of the !3He(!! , p)2H process was performed at the High Intensity ! -ray Source (HI!S)
facility at Triangle Universities Nuclear Laboratory using a circularly polarized, monoenergetic ! -ray beam and
a longitudinally polarized 3He target. The spin-dependent asymmetry and the contribution from the two-body
photodisintegration to the 3He Gerasimov-Drell-Hearn integrand are extracted and compared with state-of-the-
art three-nucleon system calculations at the incident photon energy of 29 MeV. The data are in general agreement
with the various theoretical predictions based on the Siegert theorem or on explicit inclusion of meson-exchange
currents.

DOI: 10.1103/PhysRevC.103.034311

I. INTRODUCTION

The study of three-nucleon systems has been of funda-
mental importance to nuclear physics [1,2] and essential to
the study of the partonic structure of the nuclei where the
3He and 3H mirror nuclei are used to extract the ratio of the
inelastic structure functions Fn

2
F p
2
[3]. A polarized 3He nucleus

is often treated approximately as a polarized neutron because
its ground state is dominated by the S wave in which the spins
of the two protons pair off. Polarized 3He targets have been
used for decades to extract the electromagnetic form factors
[4–6] and the spin structure functions [7,8] of the neutron, and
most recently its three-dimensional structure and dynamics
[9]. To extract the neutron information from 3He, corrections
for nuclear effects relying on the state-of-the-art three-body
calculations need to be applied. Theoretical calculations using
Faddeev [10] and Alt-Grassberger-Sandhas equations (AGS)
[11] have been carried out for three-body systems using

*gl41@duke.edu
†haiyan.gao@duke.edu
‡Deceased.

a variety of nucleon-nucleon (NN) potentials [12–14], and
three-nucleon forces (3NFs) like Urbana IX (UIX) [15], or CD
Bonn+" [16]. It is important to test these calculations by ex-
periments which are sensitive to the details of the three-body
calculations to help validate the treatment of nuclear effects in
extracting information concerning the neutron by employing
polarized 3He nuclei. Data from electrodisintegration of polar-
ized 3He [17] were used to test three-body calculations [18],
and more recently data from !3He(!! , n)pp channel at incident
photon energies of 12.8, 14.7 and 16.5 MeV were reported
[19–22].

Calculations for the two- and three-body photodisintegra-
tion of 3He with double polarizations have been carried out
by two groups. The calculations by Deltuva et al. are based
on the AGS version of Faddeev equations and employ the
CD Bonn + " potential [16] taking into account the corre-
sponding single-baryon and meson-exchange electromagnetic
currents (MEC). In photoreactions, i.e., those with real pho-
tons, the currents determine the observables through electric
and magnetic multipoles with the electric multipoles being
more important (except at very low energies). Furthermore,
the electric multipoles can be decomposed into lower- and
higher-order contributions with the former being the dominant

2469-9985/2021/103(3)/034311(6) 034311-1 ©2021 American Physical Society
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mixture was placed inside the pumping chamber which was
heated to 196 !C. A circularly polarized 794.8 nm laser light
incident on the pumping chamber polarized Rb atoms which
in turn transferred their polarization to 3He nuclei through
spin-exchange collisions between Rb-K, Rb-3He, and K-3He.
A small quantity of N2 (0.1 amg) was added into the cell as a
buffer gas to improve the optical pumping efficiency. A pair of
Helmholtz coils "170 cm in diameter providing a 20 G mag-
netic field was used to define the direction of the 3He nuclear
polarization. The spin of the target was flipped every 15 min.
The nuclear magnetic resonance-adiabatic fast passage [38]
calibrated by the electron paramagnetic resonance technique
[39] was employed to measure the absolute target polar-
ization. While a polarization over 40% from target named
“SPOT” was achieved in the three-body photodisintegration
experiment [19,20] and a 35% polarization in a follow-up
experiment [21], for this two-body breakup measurement the
polarization of the target was measured to be 33% for the
initial run period ("40% of the beam time) and 22% for the
final runs ("60% of the beam time) due to some hardware
failure during the experiment. More details about this target
can be found in Refs. [22,40,41].

A N2-only reference cell with the same dimensions as those
of the 3He target chamber was filled with the same amount of
N2 gas and placed right below the 3He target to measure back-
grounds. In addition to N2, backgrounds mainly originated
from the entrance and exit windows of the target chamber,
which were suppressed by the collimators mounted in front of
the detectors and from its side-wall. A lead wall with a 16 mm
aperture allowing for the ! beam to pass was placed in front
of the targets and the detector system to attenuate the beam
halo and reduce background from the side-wall and the elec-
tron background from Compton scattering. Figure 1 shows a
schematic view of the experimental apparatus including the
polarized 3He target subsystem, the 72-detector subsystem,
and the C6D6 flux monitor.

III. DATA ANALYSIS AND RESULTS

Two quantities were recorded for each event, the incident
charged particle energy Ep and the relative time of flight
(TOF) between the silicon detectors and the rf signal of
the beam. A two-dimensional cut was applied to the energy
plotted against the relative TOF and used to select the pro-
tons from the 3He cell. The same cuts were applied to the
data taken with the N2 reference cell to subtract the proton
background from other processes. Figure 2 shows the two-
dimensional histogram of the TOF plotted versus the Ep. The
protons from the competing #3He(#! , p)pn reaction could not
be subtracted using the N2 reference cell. A GEANT4 [42]
simulation using the measured glass thicknesses of the target
chamber, taking into account all the physical volumes sur-
rounding the 3He cell, the detector technical characteristics,
and responses has shown that no protons from the three-body
photodisintegration of 3He can make it into the detectors.

After selecting the protons, the spin-dependent asymmetry
for each detector can be formed as

A = 1
PbPt

Y P $ Y A

Y P + Y A
, (2)

FIG. 1. A view of the experimental apparatus (not to scale). The
movable target system, moving up and down to cycle between the
3He cell and the N2 reference cell for performing signal and back-
ground measurements, is surrounded by 72 silicon surface barrier
detectors. Half of the detector system (three hemispheres supporting
36 detectors shown here for clarity) and the 3He cell can be seen
at the top right. The lead wall placed in front of the targets and the
detector system can be seen at the left. The movable support of the
laser system used to polarize 3He can be seen next to the C6D6 flux
monitor at the right.

where Pb and Pt are the beam and target polarization, respec-
tively, and YP/A are the integrated normalized yields (proton
counts per integrated photon flux) withY P/A = Y P/A,3He $ Y N2

being the measured yield from the 3He cell after the sub-
traction of the N2 reference cell background yield for both
parallel and antiparallel states. Although the uneven glass
thickness of the 3He target chamber affected the proton yields
for each detector, it did not affect the asymmetry, as shown
by the GEANT4 simulation of the experiment. This allowed the
calculation of the asymmetry for each angle as the weighted

FIG. 2. The TOF versus Ep spectrum for a detector at 95 !. The
protons were chosen by applying a two-dimensional cut indicated by
a red curve and are well separated from the electrons.
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FIG. 3. Measured spin-dependent asymmetry including statisti-
cal and systematic uncertainties compared with the calculations of
Deltuva et al. [23] and Skibiński et al. [26] at ! = 29 MeV.

average of the asymmetries of all 18 detectors at this angle.
By forming the asymmetry for each detector, many systematic
uncertainties including those associated with the solid angle
and the detector efficiency were canceled. Still, there were two
remaining contributions to the systematic uncertainty, namely,
the target polarization of 4.2% and the beam polarization of
1.0%, which resulted in an overall relative systematic uncer-
tainty of 4.3%.

The measured spin-dependent asymmetries as a function
of the proton-scattering angle, "lab at ! = 29 MeV are shown
in Fig. 3 including statistical and systematic uncertainties
added in quadrature. The data are compared with the two
sets of theoretical calculations provided by Deltuva et al. [23]
and Skibiński et al. [26]. Although the calculations based
on the Siegert theorem with relativistic charge corrections
are considered to be more complete, the overall shape of the
experimental results seem to be described better by the calcu-
lations taking into account the MEC explicitly. However, one
cannot reach a definitive conclusion as to which theoretical
calculation is favored by the asymmetry data given the overall
uncertainties.

By combining the measured asymmetry, the known angular
distribution of the unpolarized differential cross sections [43]
and the total cross sections [44,45] at 29 MeV, one can extract
the spin-dependent differential cross sections. Second-order
Legendre polynomials are used to fit the spin-dependent dif-
ferential cross sections and the fitting curves are integrated
over the angle to extract the spin-dependent total cross sec-
tions and the GDH integrand.

Table I summarizes the extracted spin-dependent total
cross sections and the contribution from the two-body photo-
disintegration to the 3He GDH integrand in comparison to the
two sets of calculations from Deltuva et al. [23] and Skibiński
et al. [26]. The reported uncertainties include the statistical
and systematic uncertainties of the current asymmetry mea-
surement and the uncertainties associated with the known
angular distribution [43] and the total cross sections [44,45].

TABLE I. The extracted spin-dependent total cross sections, # P

and # A, and the contributions from the two-body photodisintegra-
tion to 3He GDH integrand, (# P ! # A)/! compared with theoretical
predictions.

# P(µb) # A(µb) (# P ! # A)/! (fm3)

This work 277± 32 276± 30 (0.07± 2.77) " 10!2

Deltuva et al. (MEC) 305 306 !6.8 " 10!4

Deltuva et al. (Siegert) 309 336 !1.84 " 10!2

Skibiński et al. (MEC) 303 299 2.72 " 10!3

Skibiński et al. (Siegert) 295 310 !1.02 " 10!2

The extracted spin-dependent total cross sections are slightly
smaller in magnitude but within #1# from the calculations.
As expected based on the asymmetry results, the extracted
GDH integrand seems to favor the explicit MEC-based cal-
culations.

Figure 4 shows the contributions from two-body photo-
disintegration to the 3He GDH integrand together with the
two sets of predictions from Deltuva et al. [23] and Skibiński
et al. [26] as a function of the incident photon energy. In the
same figure the past measurements of the contributions from
the three-body photodisintegration to the 3He GDH integrand
together with the predictions from Refs. [23] and [26] are
shown for comparison. The dominance of the three-body over
the two-body photodisintegration contribution to the GDH
integrand might be explained by the much larger total three-
body cross sections than that of the two-body channel in this
energy range. Noteworthy, the best description of two- and
three-body data is given by different calculations, based either
on explicit MEC or Siegert with relativistic charge correc-
tions, respectively.

FIG. 4. The extracted GDH integrand of $3He($$ , p)2H (blue
square) plotted together with the results from $3He($$ , n)pp (red
circles) [19–22] including statistical and systematic uncertainties
compared with the calculations of Deltuva et al. [23] and Skibiński
et al. [26].
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Nucleon Structure: collective degrees of freedom

z = cos(q)

Nucleon Dipole Polarizabilities

R. P. Hildebrandt, H.W. Griesshammer, T.R. Hemmert and B. Pasquini,  Eur. Phys. J. A 20, 293 (2004).

Scalar polarizabilities:

Spin-dependent polarizabilities:

Stiff core + pliable pion cloud
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Energy Dependence of Nucleon Scalar Polarizabilities
Provides insights about:
• Freq. response of system
• Binding energy of charged constituents
• Confinement volume of charged constituents
• Dbn causes a significant uncertainty in calc. mn-mp
• bp input to Lamb-shift corr. In µH atoms
• Collective response of internal spin dof to em pulse 

EFT Extractions – HWG, JAMcG, DRP, GF
HWG, JAM, DRP, GF, PPNP, 67 (2012) 841-897
JAM, DRP, HWG, EJP, A 49 (2013) 12PDG - 2013

R. P. Hildebrandt, H.W. Griesshammer, T.R. Hemmert and B. Pasquini,  
Eur. Phys. J. A 20, 293 (2004).

Goals of Compton-scattering Program at HIgS: 
• determine of aN and bN using different light nuclei
• reduce Dbn by ~ factor of 2

αE + βM =
1
2π 2

σ P
N −σ A

N

ω 20

∞
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Baldin sum rule:

Plots courtesy of 
Harald Grießhammer
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Proton Compton Scattering with Circular & Linear Polarization
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These data will allow for the extraction of the proton polarizabilities using LEX. Along with
the S3 measurement, a new extraction of the proton EM polarizabilities will be available
soon.
Theory by: J.A McGovern, D.R. Phillips, H.W. Grießhammer, Eur. Phys. J. A, 49, 12 (2013)
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Recent Compton-scattering results from HIgS

PHYSICAL REVIEW C 101, 034618 (2020)
Compton scattering from 4He at the TUNL HIγS facility

X. Li, M.W. Ahmed, A. Banu, C. Bartram, B. Crowe, E.J. Downie, M. Emamian, G. Feldman, H. Gao, D. Godagama, H.W. Grießhammer, C.R. Howell, H.J. K
arwowski, D.P. Kendellen, M.A. Kovash, K.K.H. Leung, D. Markoff, S. Mikhailov, R.E. Pywell, M.H. Sikora, J.A. Silano, R.S. Sosa, M.C. Spraker, G. Swift, P. 
Wallace, H.R. Weller, C.S. Whisnant, Y.K. Wu, and Z.W. Zhao
COMPTON SCATTERING FROM 4He AT THE TUNL … PHYSICAL REVIEW C 101, 034618 (2020)

FIG. 1. Schematic of the experimental apparatus showing the
layout of the cryogenic target and the array of NaI(Tl) detectors.
The photon beam is incident from the lower left side of the figure.
The target cell is contained inside the aluminum vacuum can.

angle of each detector. The effective solid angle accounts
for the geometric effects due to the extended target and the
finite acceptance of the detectors, as well as the attenuation of
scattered photons in the target cell and the cryostat. With the
front faces of the detector collimator apertures placed about
58 cm from the target center, the simulated effective solid
angles ranged from 63.4 to 66.9 msr.

III. DATA ANALYSIS

Figure 2 illustrates the simplified flow chart of the data
acquisition system for this experiment. One copy of the core

FIG. 2. Simplified diagram of the data acquisition system.
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FIG. 3. 2D spectrum showing energy deposition in the shield
detector versus energy deposition in the core detector. An apparent
gap around the dashed line is observed between the cosmic-ray
events (above the dashed line) and the Compton-scattering events
(below the dashed line). The shield energy cut is placed at the dashed
line.

signal was recorded by the digitizer, while a second copy was
used to generate the trigger for the data acquisition system.
After passing a hardware threshold of about 10 MeV, which
was set using a constant fraction discriminator (CFD), a logi-
cal OR of all core signals was formed to trigger the digitizer.
For each event trigger, in addition to recording the waveform
of the signal from the core detector that generated the trigger,
the waveform of the combined signal from the eight NaI
shield segments associated with this core NaI detector and the
time of flight (TOF) of the detected ! -ray events produced
by the signal from a time-to-amplitude converter (TAC) were
digitized. The TOF was defined as the time difference between
an event trigger and the next reference signal of the electron
beam pulse from the accelerator every 179 ns. The energy
deposition in the core and shield detectors was extracted
from the integral of the pulse shape, while the TOF was ob-
tained from the peak-sensed amplitude of the waveform from
the TAC.

Cosmic-ray events were the major source of background
in this experiment and could be rejected by employing two
methods. First, the energy spectra of the anticoincidence
shield detectors were analyzed to suppress such background.
Due to the lead collimator in front of each detector, events
scattered from the target deposited energy in the shields
primarily through electromagnetic shower loss from the core
crystal. In contrast, high-energy muons produced by cos-
mic rays traversed the detector and were minimum ionizing.
This significant difference in the shield-energy spectra of the
Compton scattered photons and cosmic muons enabled a cut
on shield energy (Fig. 3) to veto the cosmic-ray background
without affecting the Compton scattering events. Secondly,
the time structure of the ! -ray beam produced a clear prompt
timing peak (Fig. 4) for the beam-produced events, allowing
for a timing cut to select beam-related scattering events. The
shield-energy cut and timing cut together removed over 99%
of the cosmic-ray events within the region of interest (ROI) in

034618-3

40 60 80 100 120 140 160
 (deg.)labq

0

5

10

15

20

25

30

 (n
b/

sr
)

W
/dsd

S, 2016gHI
Myers 2015, elastic, E = 70 MeV
Lucas 1994, elastic, E = 69 MeV
Lundin 2003, elastic, E = 69 MeV
Griesshammer

) = 2b - a(d
) = -2b - a(d

4He CS
deuteron CS at Eg = 65 MeV      

DIANA BUNI



TUNL

24SPIN2021: October 18 - 22, 2021

Next: Compton Scattering from 3He

BUNI / DIANA at HIGS
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Workshop on Next Generation Laser Compton Gamma-ray Source:

Workshop sponsors

Office of Nuclear Physics 
under grant # DE-SC0014616  

TUNL
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Workshop Whitepaper
https://arxiv.org/abs/2012.10843 Will soon be published in Journal of Phys G

https://arxiv.org/abs/2012.10843
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Workshop Resolutions: Low-Energy QCD

LE QCD:
The emergence of hadron structure and the nuclear force from QCD is a key scientific problem. These phenomena are a consequence of 
quarks and gluons interacting at confinement-scale distances where color forces are strong. The beams at a next generation Compton g-
ray source will enable measurements that uniquely probe hadron structure and hadronic interactions in this non-perturbative regime of 
QCD, achieving unprecedented precision in the photon energy range from about 60 MeV to the Nucleon-to-Delta(1232) transition. Key 
elements of the program include high-precision nucleon polarizability (scalar and spin) measurements by Compton scattering and near-
threshold photo-pion production measurements; both rely on polarized beams and targets. Such measurements, together with advances in 
calculations using Lattice QCD and QCD-based effective field theories, will explore the QCD origin of nucleon structure and charge-
symmetry breaking in novel contexts and with unprecedented sensitivity.

Physics Contributions:
• Highest precision determinations of nucleon 

polarizabilities 
Ø Nucleon EM polarizabilities (Eg = 65 – 250 MeV): ap, bp, an, bn
Ø Nucleon spin polarizabilities (Eg = 120 – 250 MeV): gE1E1, gM1M1, gE1M2, gM1E2

• High-energy resolution measurement of p0 production 
cross section near threshold (DEg/Eg < 0.015): QCD origin 
of CSB

Gamma-ray Source Capabilities:
• Eg = 60 – 350 MeV
• Flux > 3 x 108 g/s on target
• DEg/Eg < 0.02
• Circular and Linear Polarization > 90%
• Fast switching of beam polarization direction

R. P. Hildebrandt, H.W. Griesshammer, T.R. Hemmert and 
B. Pasquini,  Eur. Phys. J. A 20, 293 (2004).
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Workshop Resolutions: Nuclear Structure
Nuclear Structure: 
The beams at an advanced g-ray source will enable systematic studies of weak collective dipole and quadrupole nuclear excitations with 
unprecedented precision. Such studies will provide nuclear structure details and information about the symmetry energy of the nuclear 
equation of state that are difficult to obtainable by other means. The increased g-ray beam intensities at the next generation g-ray source 
will enable mapping of M1 states in nuclei with a level of detail and breadth that will contribute to modeling of coherent neutrino-nucleus 
scattering and to calculating nuclear matrix elements for neutrinoless double-beta decay. Also, a next-generation g-ray beam facility will 
enable new exclusive measurements of photodisintegration of few-nucleon systems with precision that provides the highest sensitivity to 
long-range three-nucleon interactions in such reactions.

Physics Contributions:
• High sensitivity NRF measurements for detailed mapping of M1 and E1 strengths 
• Systematic studies of dipole strength along isotope to provide new insight at PDR  and other weak modes of collective motion
• High-energy resolution measurements of photodisintegration cross sections of few-nucleon systems to determine NN scattering 

lengths with accuracies comparable to two-nucleon scattering methods 

Gamma-ray Source Capabilities:
• Eg = 1 – 20 MeV
• Flux > 1 x 109 g/s on target
• DEg/Eg < 0.02
• Circular and Linear Polarization > 90%
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±5% uncertainty
1011 g/s

Workshop Resolutions: Nuclear Astrophysics
Nuclear Astrophysics: 
Gamma-ray beams will enable measurements that contribute broadly to open questions in nuclear astrophysics, e.g., big-bang 
nucleosynthesis, helium burning in massive stars and synthesis of heavy nuclei. The 12C(a, g)16O reaction is one of the most 
important reactions in stellar modeling. The rate of this reaction relative to the carbon forming reaction, 8Be(a, g)12C, determines 
the fate of massive stars. The grand challenge at an advanced g-ray beam facility will be measurement of the reaction rate the 
16O(g,a)12C reaction at energies approaching the temperatures at the core of stars. 

Physics Contributions:
• High accuracy cross-section measurement of the 12C(a, g)16O reaction at Eg < 8 MeV
• High sensitivity NRF measurements for detailed mapping of g-ray strength functions  

Gamma-ray Source Capabilities:
• Eg = 1 – 20 MeV
• Flux > 1 x 1011 g/s on target
• DEg/Eg < 0.02
• Linear Polarization > 90% and unpolarized

α + α + α ® 12C + γ ; production of 12C 
during helium burning

12C + α ® 16O + γ ; converts 12C to 16O 
è determines 12C/16O

The mass and size of the final iron core is 
critically dependent on the 12C(α,g)16O 
reaction rate

Need to determine the 12C(α,γ)16O cross section 
Ds/s < 10% at Ecm = 300 keV (0.2 x 109 K)
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Workshop Resolutions: Hadronic Parity
Hadronic Parity Violation: 
The beams at an advanced g-ray beam facility will enable measurements of parity violating (PV) photodisintegration of 
few-nucleon systems. In particular, a measurement of parity violation in deuteron 
photodisintegration near threshold is sensitive to a nucleon-nucleon (NN) PV amplitude that is not accessible using 
other systems. Such measurements sample the short-range part of the NN interaction, providing unique quantities for 
comparison with Lattice QCD calculations.

Physics Contributions:
• First measurements of parity violating asymmetry for photodisintegration of deuterium   

Gamma-ray Source Capabilities:
• Eg = 1 – 5 MeV
• Flux > 1 x 1011 g/s on target
• DEg/Eg < 0.02
• Circular Polarization > 90% and unpolarized

B. Despalnques, J.G. Donahue and B.R. Holstein, Ann. of 
Phys. 124, 449 (1980).

PV Asymmetry in gd à np
Vanasse/Schindler, PRC 90, 044001 (2014)
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Workshop Resolutions: Gamma-ray Source Technologies

Observations: 
• It is unlikely that a single g-ray beam source can meet the requirements of the low-energy and 

medium-energy parts of the field. 
• g-rays are produced by Compton scattering of electrons from photons inside an optical cavity that 

is pumped with an external laser. 
• Low-energy facility (Eg < 20 MeV): Options included an energy-recovery linac (with 

superconducting RF cavities) and a storage ring. 
• Medium-energy facility (Eg = 60 – 350 MeV): A storage ring was the primary option for the higher 

energy g-ray source. There is confidence that a high electron beam quality (low emittance and low 
energy spread) can be maintained in modern storage-ring lattices, thereby enabling production of 
g-ray beams with low energy spread. 

• New facility cost: The new facility construction cost of the storage-ring option for either a low-
energy or medium-energy next-generation Compton g-ray source will be over about $150M. This is 
extremely coarse and is intended only to set the cost scale within about a factor of two. Less 
expensive options for the low-energy sources, e.g., upgrades to existing facilities, were also 
presented. 
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Workshop Recommendations

• R&D recommended to reduce risk on g-ray source design, e.g., optical cavity development
• Investments in polarized targets needed to prepare for experiments at next generation 

Compton g-ray beam facilities
• Investments in active targets are needed to carryout the highest impact nuclear 

astrophysics measurements at a g-ray beam facility
• Investments in nuclear theory are needed to support LE QCD experiments at the next 

generation g-ray beam facilities 

HIgS2
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HIgS2 Concept: Optical Cavity R&D

Research Programs
Nuclear Structure
Nuclear Astrophysics
Hadronic Parity Violation

Projected Performance
2–3 orders of higher flux than HIGS (2–8 MeV)
1064 nm FP Cavity: 2 – 12 MeV
Total Flux: 1010 – 2 x 1012 g/s
Pol: Linear, or Circular (rapid switch)
High-res capability: 0.6% (FWHM)
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HIgS2: g-ray Beam Flux Projection 
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HIgS2: Comparison to HIgS and NGLCGS 
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