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Photonuclear Reaction of Light Nuclei



Photo-nuclear Reaction / Excitation of IV GDR

Oscillating electric field induced by an incident photon y
— excites the Iso-Vector Giant Dipole Resonance (IVGDR)

IVGDR

Photo-absorption cross section: dominated by electric dipole (£7) excitation

; g lo7° 5 9BED

bﬁU = a
abs ™ abs 9 " dE,

208
Po IVGDR

O, : photo-absorption cross section
B(E1) : electric-dipole reduced transition probability
Ey : photon-energy = nuclear excitation energy

Strength B(E1)

a : fine structure constant
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Stable light nuclei, E1 response
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Photo-nuclear Reactions: Light Nuclel

For light nuclei
e photo-abs. c.s. # (y,xn) c.s.

large branch to p similar to n and sizable a emissions

lack of data, especially for charged particle decays
» Challenges to theoretical models
structure (photo-absorption) + reaction (decay)

Structure
- stronger shell effect

- nuclear deformation

- nucleon correlations:

a clustering, np pairing, tensor correlation,. ..

Decay

- direct and pre-equilibrium decay process in
addition to statistical decays

- 1sospin selection rule in the a-decay process
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Example: 13C(y,xn) reaction data and predictions (TALYS)

* Big inconsistency among experimental data
» Unsatisfactory theoretical predications
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Systematic Measurement on Photo-Absorption Cross Section
and decays for light stable nuclei for

» El excitation strength distribution
* n, p, o,y decay branching ratios

* 10-20 light stable nuclei: A<60
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Photo-Absorption of Nuclei and Decay Observation for Reactions in Astrophysics !’

- Systematic measurement ‘
- Reference target: 27Al (and 12C)

- Consistency check and complementary information
by using virtual and real photon measurements




Photo-Nuclear Reaction

1s important as one of fundamental reactions for studying
* Nuclear structures/reactions

 Astro-nuclear physics, particle physics, detector response

» Applications

Radiation shield, decommissioning, reactions in nuclear reactors

Photo-activation analysis, nondestructive inspection

v-imaging, CT-diagnostics, biological effects

Homeland security., inspection of fission or explosive material

Medical RI production by photo-irradiation

Nuclear reaction/gamma radiation in thunder volts

Data and theoretical predications are used in simulations of various fields.

99.99999% of the elements in the universe consists of nuclei below A=60




12C and 100 are still important to measure

Oxygen (1¢0) forms 65% (30%) of the human body (Earth)
and Carbon (12C) 8% (0.02%)

a-decay of IVGDR in 12C or 10O are not known well.

160 65% 30%
2C 8% 0.02%

%160 (120) isotopic abundance: 99.8 (98.9)% 9



\2C and 160 are still important to measure

Oxygen (1¢0) forms 65% (30%) of the human body (Earth)

and Carbon (12C) 8% (0.02%)

a-decay of IVGDR in 12C or 10O are not known well.

a-decay to low-lying (T' = 0) states is isospin-forbidden.

0T =0)+y - "*O*(AVGDR : T = 1) 4 2C(T = 0) + (T = 0)

isospin forbidden decay

requires implementation of isospin-symmetry breaking by Coulomb interaction
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Decay of IVGDR

time dependent description of the decay of a collective excitation
an ordered motion to a random motion ..

IVGDR
collective motion

CROSS SECTION (fm )

~~~~» direct decay
(n,p,a.y,..)
) spreading

~~~~p  pre-equilibrium decay

> spreading
~~~~p  pre-equilibrium decay
) spreading

d nucl .
compound nucleus ~~~~» compound (statistical) decay

thermal equilibrium
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Intergalactic Propagation of
Ultra-High-Energy Cosmic Rays
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Ultra-High-Energy Cosmic Rays (UHECRS) (ppc201s;
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Observation of UHECRSs

Extended Air Shower (EAS)
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The observed mass tends to become heavier as the energy increase at the highest energy.
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Intergalactic Propagation of UHECR Nuclei

Another Galaxy Milky Way Galaxy
Earth

Ultra High Energy Cosmic Rays (UHECRS)

CMB
photons

O o—wo»—bo —@s\

UHECR collision excites
nucleus GDR photo-disintegration

hock front

N

Production Propagation Observation

Photo-nuclear reactions govern the maximum travel

Cosmic Microwave Background (CMB) : ! i o
distance of UHECR nuclei and their composition/

T“Q\;I?II{) ; energy evolution in the inter-galactic propagation.
§—sese B - O
UHECR CMB excites

photo-disintegration

nucleus photon GDR
GZK cut-off 16



251

20

15

Photo-disintegration Pass of 5¢Fe

(y’n) a7 P 48 @, 5 2, 5 5 P 7 58 @ 1 ¢ &
Co Co Co “Co Co | "Co 0 Co | “'Co | “Co Co
38.8 ms|68.8 ms(115 ms|242 ms|192.28 ms[17.53 h| 77.236 d[ 271.74 d[70.86 =1|515.271 y|1.650 h1.54 m{26.9 s
+
B “Fe | “Fe | “Fe | “Fe | “Fe | “Fe | “Fe | “Fe | ™ 2 “Fe e e M\“Fe | “Fe | “Fe | “Fe
2.2 ms|13.0 ms|21.9 ms|45.3 ms|64.7 ms| 155 ms|305 ms(8.275 h(8.51 mfEsiEl]El2.7 =1 SIS (LIS 10151 41,495 d| 2.6E6 41 5.98 m| 68 s
l (Yap) “Mn | “Mn | *Mn | “Mn | “Mn | “Mn | *Mn | *'Mn | *Mn [ *Mn | *Mn “Mn\\"n | *Mn | *Mn | “Mn | “Mn
36.2 ms|88.0 ms|158.1 me{ 382 ms|283.19 ms|46.2 m(5.591 d3.7E6 y|31205d e H s| 3.0 s |4.59 s|280 ms|670 ms
“Cr | “cr | “cr | “Cr | “Cr | “Cr | “ “Cr “'Cr “Cr | *Cr | ™ “Cr | *Cr | “Cr
B_ 13.3 ms|21.1 ms[42.8 ms|60.9 ms|257 ms|500 ms|21.56 h|42.3 mSi&l] 2] 27.701 dffsiElels ble 21(3.497 m|5.94 m|21.1 5| 7.0 s (1050 ms (490 ms
VA Y/ VAN V) A R VAN Y VAN ) = - Y2 Y s VA I VA
79.3 ms|111 ms|547 ms|422.64 ms| 32.6 M| 15.973d (o] 1.51 e m(1. 49.8 s|6.54 s|216 ms|350 ms|191 ms|95 ms
Ti | ®Ti | “Ti | “Ti | “Ti | “Ti | “Ti | “Ti STio | ®Tio| UTi | *Ti | *Ti [ *Ti | "Ti | *Ti
28.5 ms|52.4 ms|82.6 ms|208.14 ms[509 ms| 59.1 y | 184 e e e e 21576 m{ 1.7 m |32.7 s| 1.5s | 1.3 s |200 ms|95 ms|55 ms
x‘sc ‘HSC ‘wsc nsc wsc Msc ﬂsc “Sc usc 46| 47, c 45 c 49, c ‘JJSC 51Sc &Sc Aasc Hsc &5, 565y &7,
<300 ns|182.3 me596.3 ms|681.3 mg3.891 h 3.92 hh. e d 5B m102.5 4124 s| 8.2s | 2.4 s 526 ms|96 ms(26 ms |22 ms
“Ca | ®Ca | ®Ca | Ca | *Ca | "Ca | “Ca a a || “Ca “Ca “Ca| ®Ca | Ca | “Ca | ®Ca | *Ca | ®Ca | *Ca
r 25.7 ms|101.2 ms|181.1 mg{443.77 ms|860.3 able [:X:] e Stahle ¥ =1 162.61 diSizle]E]l4 . 536 8.718m 13.9s|10.0s| 4.6 s [461 ms|90 ms(22 ms |11 ms
nK BK 35 ) ”K 38 wK 4 43 MK uK 45 47K 48 49 &0 !‘K &2 S!K 54 HK
178 ms|341 ms|1.225 s|7.63§ m, Y1.2E9y, e h h(22.13m(17.8 m| 105s [17.50 s| 6.8 s | 1.26 s|472 ms|365 ms|110 ms|30 ms|10 ms |3# ms
“Ar | “Ar | *Ar | “Ar TAr “Ar “Ar | “Ar | “Ar | “Ar | “Ar | “Ar | “Ar | “Ar | “Ar | “Ar | “Ar | ®Ar | Ar
98 ms [173.0 mg/843.8 ms[1.775 =101 35,041 o A 289 y [k G 109.61 m| 32.9 y [5.37 m[11.87 m[21.48 § 8.4 s | 1.23 s|475 ms (170 ms|85 ms |60# ms|10# ms| 3# ms
'Cl | *Cl | *Cl | *CI =CI\ | =G I | “cI| “cl | “Cl | “cl | “ “cl | ¢ “cl | “cl | *cI | *cl
150 ms|298 ms|2.511 s|1.526 e kX 437.24 m| m|1.35 m{38.4 s| 6.8 s |3.13 5|560 ms|413 ms|232 ms[101 ms | 100# ms|50# ms |20# ms|2# ms
ms 3|S 2 SS 37, s!s ns AOS 4|S 428 GS “s 45, 45, 47s l!s -ws Ha]f L|fe
1.175jf.57 able Stable -I87.37 15.05 m|170.3m| 11.5s| 8.8 s |1.99 s|1.013 s[265 ms|100 ms|68 ms |50 ms |20# ms|10# ms Half life (All)
244 nuclides
15 20 25 30 35
N Keys: Ctrl+CTLIEPSMDXYHZ

(v,xn), (y,a) reactions also take place.
Unstable nuclei (7}, > 1 min) also contribute.
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UHECR: Intergalactic Propagation

1 Mpc = 3.26 x 10° light year

the Milky Way Galaxy

0.03 Mpc

>
0.03 Mpc for T, = Smin at y = 10'°
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UHECR: Intergalactic Propagation

the Milky Way Galaxy Andromeda Galaxy

0.78 Mpc by 9
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UHECR: Intergalactic Propagation
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Photon Density (cm> eV
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Photon Density (leab._3 MeV™)
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Photon Density (leab._3 MeV'l)

Photoabsorption Cross Section (mb)
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Photon Density (leab._3 MeV'l)

Photoabsorption Cross Section (mb)
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Photon Density (leab._3 MeV'l)

Photoabsorption Cross Section (mb)
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CMB Photon Energy in the CR Rest Frame
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UHECR: Photo-Disintegration Mean Free Path
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UHECR: Intergalactic Propagation by a Toy-Model Simulation

0 Mpc
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UHECR: Intergalactic Propagation by a Toy-Model Simulation
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UHECR: Intergalactic Propagation by a Toy-Model Simulation
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UHECR: Intergalactic Propagation by a Toy-Model Simulation

0.01 Mpc
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UHECR: Intergalactic Propagation by a Toy-Model Simulation

0.1 Mpc



UHECR: Intergalactic Propagation by a Toy-Model Simulation

1 Mpc



UHECR: Intergalactic Propagation by a Toy-Model Simulation

3 Mpc



UHECR: Intergalactic Propagation by a Toy-Model Simulation

10 Mpc

100
102
104

-6
100 10 20 30 40 50 60

|:| Stable
T1/2>1 sec

Initial Compostion: 56Fe log M'=10.0
Flight Length: 10.00000 Mpc

36



UHECR: Intergalactic Propagation by a Toy-Model Simulation
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UHECR: Intergalactic Propagation by a Toy-Model Simulation

30 Mpc
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UHECR: Intergalactic Propagation by a Toy-Model Simulation

300 Mpc
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UHECR: Intergalactic Propagation by a Toy-Model Simulation

500 Mpc

100
1072
1074
106

0 10 20 30 40 50 60
A

|:| Stable
T1/2>1 sec

Initial Compostion: 56Fe log M'=10.0
Flight Length: 504.00000 Mpc

40



Experimental Methods
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Probing Photo-Nuclear Response of Nuclei

Virtual photo excitation by proton scattering (RCNP, iThemba LABS)

. pP
» Missing mass method P .y
with proton Coulomb excitation
e better for total strength
and strength distribution p p
higher cross sections @ > Q —> ©
also applicable for p,a,y decays (<')) —@ p.ay

Real photo excitation (ELI-NP etc.)

« Gamma-beam by laser-Compton

scattering with an electron beam y
e (U)\’On, Do,y
* individual decay channels

better for absolute normalization
applicable also for n and xn decays 1n addition to p,a.,y 4
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@ High-Resolution Spectrometer “Grand Raiden”

RCNP

Proton scattering
at very forward angles
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Virtual photo excitation by proton scattering

* Missing mass measurement with Coulomb excitation

A4
* coincidence for p,a,y branching ratio
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E536: 1st PANDORA experiment at RCNP, Oct. 2023




E589: 2nd PANDORA experiment at RCNP, Oct. 2025

LPIS: 16 large volume LaBr3 detectors

i red: Milano

8 from Milano %L
8 from iThemba LABS white: iThemba LABS

el

LPIS: LaBr3 detectors mounted 47



Measurements on 10-20 nuclei

Targets

with theoretical model developments 0,1, distribution and decay
branching ratios in 10% accuracy

Candidate target nuclides

. 6Li, 7Li, 9Be,[10B, HB]

first cases, alpha decay, reference target

light nuclei

* (2ONe), 24Mg, 2881, 328, (30Ar), 0Ca N=Z nuclei, o-cluster effect, deformation

. 14N, 51V

 (v,xn) on 180, 48Ca, 64N1

N>Z nuclei

odd and odd-odd nuclei

Measured 1n 2023 thin box & 2025 thick box

photo-abs. c.s. + charged particle decay
+ gamma
photo-abs. ¢.s. + gamma

JU
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27A1 photoabsorption and charged particle decay

analyzed by Y. Sasagawa l
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27 Al photo-reaction: available data
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Cross Section [mb]
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w
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FHH’“[H} b TAllyx) (Fultz+, 1966)
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g ) =t prediction

é 1'0 1'5 2'0 2'5 3'0 3'5
Incident Energy E (MeV)

« (y,abs)
«— (,n)+ (r.2n) Fultz et al., L0039

The peak photo-absorption
cross section is significantly
underestimated

(~1/3)



2" Al(p, p") Differential Cross Section
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d?0/dQ/dE [mb/sr/MeV]

Al(p,p') double differential cross section
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[1] M. Jingo et al., Eur. Phys. J. A 54,224 (2018).
[2] J. Ahrens et al., Nucler Phys. A 251,479(1975).



Charged Particle Decay Coincidence >

15 —_ ............................. ................ : RIS .‘ ....... R P (MeV) proton deuteron alpha neutron
— ' ' vAl 83 171 100 131
= - : ]
\Y b . !
E 10 - 1 ST PPt o N SO, o ORI
&
=
L R O Y - Y UL RO SO Rt o et - AR B e ok A R o ;
p L
35

excited nucleus

‘ ‘/< ‘»/e:nitted particle

residual nucleus

5/2+

E (target) = S (+E(residual)) + K 274 Mg +p BNa + a



Charged Particle Decay Coincidence >

e (MeV) proton deuteron alpha  neutron
| oAl 83 171 101 131
..............

mn

countl/b

1600 ’ 2+,1.8MeV
g.s.
1200
800
2+,2.9MeV
400 U
°% o s 0 s 20 25

E,(*Mg) [MeV]
daughter states assuming proton-decay




Preliminary Results

Differential Cross Section at O degrees

d?0/dQ/dE [mb/sr/MeV]

2TAl(p, px) d?o/dQ/dE

3.0

o — (p,p)
25- | | — (p,p'pX)
l ‘|—"“|_|_,i_1:clusive (p,p'aX)
2.0
1.5 - }{ |
| T i
1.0 1 : i inatd
_|_‘—|—|_|_ )
0.5 - ;
0.01 |—|_ ’__|+ :
5 20 30 35
T Excitation Energy (MeV)
T TS = 13.1 MeV
S, =83MeV

= 10.1 MeV



Decay Branching Ratios >
—— (g,px) ratio by Talys . .
— (g:ax) ratio by Talys TALYS prediction
—— (g,nx) ratio by Talys
I (g,pX) ratio by this work 14 - = (g,tot) Brink-Axel Lorentzian
1.4 4 N . = (g,px) Brink-Axel Lorentzian
+ (g,aX) ratio by this work e (g,ax) Brink-Axel Lorentzian
$ (9.n)&(g,2n) ratio by other exp. 12 — ESI:‘;))Z:EST:Lﬁf:?:QeI
121 i -§- Total of exp. results (p,a,n) QT Cerete b mede
FR g 10 H = = (g.nx) Goriely's hybrid model
g
° .1 (y.tot)
Re]
S sl (vp)
2 n
fud 7))
g 4 ('Y,(x)
QO
24 (Y,1)
0 -
5 10 15 20 25 30 35

Excitation Energy (MeV)

Statistical Errors are shown for this work

separation energies
x P 1 d ap an op nn pn

2TAl 101 83 131 17.1 189 225 224 244 194

Multi-particle decays are not treated properly yet.

Incident Energy E (MeV)

photo-reaction cross sections

n and p branching ratios:

comparable above 20 MeV
a decay: ~10% above 15 MeV
Well predicted by TALY



Summary
> <

* Photo-absorption cross sections and decay branching ratios of light
stable nuclei1 are systematically studied up to 4~60 in the PANDORA
project.

« The photo-nuclear reaction data are important for developing nuclear
structure/decay models and for simulating the inter-galactic
propagation of UHECR:s.

* Virtual photon excitation by proton scattering has been applied at
RCNP.

* Preliminary data on 27Al has been shown.
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Thank you, all the collaborators!

v )

PANDERA

% Not all the collaborators are shown in the pictures.




Backup Shides
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Historical Methods

Bremsstrahlung Beam + Activation Analysis

GDR
y ' = (<.>)\ ...... p -
A A* “ep: EPDRZS\:
« High-intensity gamma-rays Al
& ] ¢ Y& Y . . activation
 Continuous photon spectrum with decreasing ————  (or particle detectior
intensity at higher energy requires —
- taking difference with different beam energy A
Positron Annihilation in Flight
W 4-x : N
) @@ | R —
A A “exn 2
o ' —-PDR:z=: gN—
* Energy resolution (=500 keV A1l
 Limited beam intensity r-counting

» Systematic difference between Livermore and Saclay

data (non-flat neutron detection efficiency?) LS ¢ annihi. A
in flight

T. Kawano et al., NDS163 109 (2020)

(y, n), (y, xn)
59



Real Photon Beams: Continuous Energy

I. Real photon beams ~ @A

1.Continuous energy beams A A* \.p

.....

a. Bremsstrahlung
* High-intensity gamma-rays

» Continuous photon spectrum with decreasing

intensity at higher energy requires

- taking difference with different beam energy sctivation

- precise knowledge on the photon spectrum is (or particle detection)

required for precise measurement on photo-nuclear

reaction cross sections in GDR region. brems. A

Monoenergetic or quasi-monoenergetic photon beams are essential for
reliable measurements in the continuum (GDR) region.
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Real Photon Beams: Quasi-Monoenergetic

I. Real photon beams ~ @ Ax

.......

2. Quasi-monoenergetic beams

Positron Annihilation in Flight

\ n

Lawrence Livermore, Saclay &:_
A-2

N

A

n-counting
LCS et annihi. A
in flight
* Energy resolution (>500 keV) (y, n), (y, xn)

» Limited beam intensity: inapplicable to thin targets for isotopically enriched or
for charged-particle decays.

 Inconsistency between Livermore and Saclay (y,xn) data 1 kawano etal, NDS163 109 (2020)

61



UHECR: Anisotropy
Auger and TA

Small directional variation of flux is observe in almost isotropic distribution:

Candidate production sites
" Active Galactic Nuclei
2 Starburst Galaxies

Figure 7: Skymap in Galactic coordinates of the Li-Ma significances of over-densities in 20° radius windows for 840 events
recorded by Auger with & > Fiy, Auger and 130 events recorded by TA with & > Fly, ta. The color scale indicates the
significance in units of standard deviations; negative values follow the convention of indicating the (positive) significance of
deficits. Nearby SBGs providing a significant contribution to the UHECR correlation signal of Auger [3] and TA [163] are
indicated by stars. From Ref. [161].

[anc19]

Auger data with a model prediction of deflection of
UHECRs by galactic and extragalactic magnetic fields. o 2
Magnetic Rigidity « E/Z ke




Measurement of the Photo-Nuclear Reaction and decay
branching ratios by proton scattering

Virtual photo-excitation by proton scattering at forward angles

* Missing mass method P %P
with proton Coulomb excitation “ "< -
. L J
* applicable for p,a,y decays
P P
W > ‘i. - @
Multipole-decomposition analysis of the (<.>) —0 50,7

angular distribution to extract £1.

P. von Neumann-Cosel and AT, EJPA’19
AT et al., NIMA’09

— . . — N
) —{yxn T
06 | (b) .-!?9 " f) ) ] ?_, 15 160 | [ ] Non-spin-flip
208Pb tet _2 +— y-absorption
I . 0 Present B -
# £ , f 4

i O.‘.'.P
t

T e (D)
-
1’6 dQ™" dE," (mb
o _
L
=1 —

"
......
s

Excitation Energy (MeV) 20

| | 25
Ex (MeV)
AT etal., PRL’11 T. Sudo et al., RCNP-E398 63



(i)
(i

UHECR spectrum after their extragalactic propagation

Assuming :

a uniform distribution of extragalactic sources

standard candle sources emitting a power law spectrum of UHECRs (i.e N(E)~E®)

A set of parameters which allows a satisfactory reproduction of the UHECR spectrum and composition are (for
the code used in Allard et al., 2005) :

a low maximum energy at the sources Emax(Z)=2Zx4.1018eV where Z is the charge of the nucleus
relative abundances : H=0.1, He=0.15, CNO=0.68, Si=0.07, Fe=0.002 (NB : no astrophysical motivations)

a source spectral index p=0.61

10%° - T T T
= 2004 version "Old version'
-— Default --—— Default + Discrete Levels 1.4 L Bﬁ;s{;m )
- — ersion
No o = Auger data (2017) Discrete Levels

1 024

E3®(E)

1 023 L

A mixed compostion (with hard source spectral index)

which gives a good account of the data with the 2004 vers@
of the code is used with the different new versions of the 06 -
cross sections calculations

No a

Ty

Il

T

|
19 19.5
log, E eV

* The spectrum with the “No a” settings is quite harder than the other —> slower photodisintegration
* “Discrete Levels” settings and the 2004 version are quite close to each other

20 18.5

* The “default” and “old settings” are softer

—> channels involving a particles in light nuclei (e.g,(y,a), (y,n+q), ...), see next slides

Why is that so ?

19

log, E eV

!
19.5

20
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Comparison of the simulated spectral shape

24 .4 T T T
~ o * 3.3
242 - o e
= 24
] \ &
o Y
£ 238 '
N
N \
)
[y \ -
L 236 ! ‘
mLU ‘_‘.I
§ T
= 234 Auger ICRC2019 —e—:
CRPropa default TALYS s
SKkM®
232 UNE%}¥4 -
. 1
chi2 pprona=27
pa RPA calc.
23 L
18 18.5 19 19.5 20
log(Energy[eV])

The RPA implies lower cutoff rigidity than TALYS mainly because of
the difference in the GDR peaks. This is the opposite effect to the

PSB model.

(Jmodel - JCRPropa)’IJCRPropa

0.5

0.4

0.3

0.2

0.1

-0.1

-0.2

-0.3

-0.4

l Auger sta{. unc.
SkM*

SlLy4

UNEDF1

I I I T T

Difference b/w TALYS (CRPropa default)
and the RPA calc. in the spectrum

.. .
o ) : . ° ° . o ;
o----® o oAt
R .- - ---@ ® L

e _o — - - o ¢ . ,f_/;—

I ——— S -

1 1 1 1 1 1 L
18.8 19 19.2 19.4 19.6 19.8 20

log(Energy[eV])

The difference: more than the statistical
uncertainty of the experimental data.

E. Kido et al., Astropart. Phys. 2023
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Energy Loss Process of UHECRSs in Extragalactlc Propagatlon

7
105 i ' — : ' ' 10
Z \
105 \
i | ]
\ !
10° ' .
v
BR .
1000 .[R/Opt/UV !‘ S "
(C)L \.‘"’/ \ ’, "'r
< 100 | A .
< ')’L -
10 “‘GDR+QD ! BR :
i IRIOpt/UV \ CMB
11
0.1 | ser,
- Z=
0.01 L. . ! , 0.1
7 10 11 12
log, T

1 1

-

log, E eV

Refinements of the theoretical
model in [kha05]

[ste99]

Unfortunately, photodisintegration cross section data are
incomplete. For many reaction channels, o(e) data do not
exist. Also, integrated cross section strengths are not avail-
able for all of the cxclusive channels. The most complete
compilation of the world’s GDR cross section data exists in
the 15 volumes of Fuller & Gerstenberg (1983). In these
volumes GDR cross section data for *Fe, for example, are
given only for the (3, pX) channel and the inverse channels
(o, y) and (p, 7).
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