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What nuclear data are needed for
IBA?

Sort of data Projectiles Targets Type of interaction | Energy range
Differential p, d, 3He, All elements | Elastic scattering, | 0.5+10 MeV
cross sections | “He, heavy nuclear reactions

do(E)/dQ, lons

y—ray yields




NRA Depth Profiling

* A channel of width J at
= energy E in the spectrum

corresponds to a slice of width
0 dx at depth x in the sample,

& \ with E and J& being inversely
related to x and ox through a
linear combination of the

stopping powers for the

Incident and outgoing particle

Y(E)
* The number of particles
E accumulated into that
| histogram bin is proportional
to c(x), ox, and o(E,), where
TTTITTTTTT] > E, is the energy of the
oE incident beam when it gets to
depth x.

Noc(X)a(6, E;)dQ e (E'-E)? \oE
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Distinctive feature of the nuclear data for IBA

e |BA uses differential cross sections
rather than total ones — data for different
angles are needed

* IBA employs data mainly for elements of
natural abundance rather than for
separated isotopes — data acquired in
nuclear physics studies are often not
sufficient




The difference between cross sections for
separate isotopes and for an element of natural
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Cross-section measurements

Target: Ng atoms/emZ  Ng=N

t + =
Y Incident
R Particles
R e R
00 o Scattered
g Particle
Scattering Angle
2 Detector
dﬁ/dﬂ =Y/N5r:iﬂ
/' haN detector
differential numb/:r r \ solid angle
cross-section of particles Itﬂf‘:al number of
detected incident particles

atom sfcmE

thickness
number density (atoms/icm>)

The incident beam is
mono-energetic.

Given all the terms except
do/dQ are known the
differential cross-section
can be determined.




THE REASONS WHY EVALUATION IS NEEDED

Reason 1. because of discrepancies between results
of different measurements

= 165° G.Amsel, Thesis, Ann.Phys., v.9 (1964) 297
e 164.25° R.F.Seiler et al. Nucl.Phys. v.45 (1963) 647
164° S.Cavallaro et al. Il Nuovo Cimento v.14A (1973) 692

A 164.25° H.C.Kim et al. Nucl.Phys. v.57 (1964) 526
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THE REASONS WHY EVALUATION IS NEEDED

Reason 2: because cross section may has a fine
structure missed in some measurements
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WHY IS A FINE STRUCTURE ESSENTIAL?

Suppose "true" cross section is as shown
by a solid line and two measurements with
12 keV step are made, the measured points
in the two sets being shifted by 6 keV

2000 T

Simulated EBS spectra

1500 -
1000 ) S . Black line — simulation with "true"

cross section, blue and magenta —
simulation with sparse point cross

section measurements

do/dQ, arb. units

500 - Step AE=12 keV 7

30000 .

20000 .

1500 -
1000 Jh

. 10000 B
500 F Step AE=12 keV i

do/dQ, arb. units
Counts/Channel

0 " 1 "
1000 1025 1050 1075 150 175 200 g2°
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Reason 3. because cross section may have a strong

THE REASONS WHY EVALUATION IS NEEDED

dependence on angle.

ol/a,
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Comparison of different results for  150(a,0,)1%0 cross
section

2000 16 16
| O(a,0,) O
s00]  E.=7.6 MeV
&
= —— Theory
™7 = John, e =169.2°
@ | e Hunte =1638°
B 5001 M
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Evaluation Problem

Given:

Different sets of (generally inconsistent)
experimental data measured at sparse
points on energy and angle

Find:

The most accurate possible smooth
curves of do/dQ(E,0)

12
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Solution

: search in the literature and nuclear data
bases to find all relevant experimental data.

: digitize data published only as graphs.
: compare data from different sources.
: examine reported experimental conditions

and errors assigned to the data.

: select the apparently reliable experimental

points.

: identify nuclear physics processes

corresponding to the case.

: fit free parameters of the theoretical model.
: produce the optimal theoretical differential

cross-section. 12
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The Essence of Evaluation

To produce cross-section
through incorporation of the data
measured under different experimental
conditions at different scattering angles
into the frameworks of the unified
theoretical approach.

14
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1276:930 - ENDF: Evaluated Nuclear Data File - Opera

H # | (JENDF: Evaluated Mu..

i_l‘: E ra) « 5 2 Q |v f =5 hittp: /fwnarw-nds. iaea.arg fexfor fendf.htm v ™M 4 @
Help » ENDF Format Manual | Plot+  Databases » Madical | NGAtas | RIPL | FENDL | IRDF-2002 | EXFOR | CINDA

b

Evaluated Nuclear Data File (ENDF)

Database Version of Februar 08, 2011
Softwars of 2011.04.28  Qld in erface & [t

2011401 Mew libraries and software .rnprovementq.
1§ EAF-2010: Euro}gean Activation File (B16 materials/60Mens), UK bssued in 2010

23 TEMDL-Z010 -based Evaluated Nuclear Data Library, 2 o nT:J
Easy to get fuII pre- processed material (FEM: temperature=293.16 Ke wifl, accuracy=0.1%) v

i o B = S0 bl
Core nuclear reaction database contain recommended, evaluated cross sections, spectra, angular distributions, fission product vields, photo-atomic and thermal scattering law data, with
emphasis on neutron induced reactions. The data were analyzed by experienced nuclear physicists to produce recommended libraries for one of the national nuclear data projects (USA
Eurape, Japan, Fussia and China). All data are stored in the internationally-adopted ENDF-6 format maintained by CSEWGS.

Standard Request Eamples: 1|2|34lslel7] v Go to: Advanced Request; ENDF-Explorer

Parameters: | Suomit ] [ Reset] Libraries: G Al O Selected Check| Reset | v Tip of the day
Target [ - Oa Major Libraries O Special Libraries
; [] 1) ENDF/B-WILO (USA 2006) v Archival
Reaction [] 2 [}2)JEFF=3.1 .1 (Europe 2005-200%) (¥ Dierived
Quantity [ 5 [13) JENEL-4.0 (Japan 2010]

[]4] CENDL=3.1 (Chiria,2009)
[]5) ROSFOND-2010 (FUssia 2010)

[16) BROMD-2.2 (RLssia, 1992)

Options:
|Sort by: G)Reactions C-E\.faluationsl

More Parameters...

Clone Request: Feedback:
[ ExFor | [cmpa | [#x4 comments/Questions?

Note:

- all criteria are optional (selected by checking = 3

- selected criteria are combined for search with logical AMND

- criteria separated in a field by ";" are combined with logical QR

- wildcards and intervals are avallable

- pointwise libraries contain reconstructed resonances using parameters from MF=2 and applied Doppler broadening at a given temperature.

Original ENDF libraries and files for FTP downloading: [ENDF-Archive]
Extensive temmperature dependent paintwise libraries: Point-2009 (ENDFB-VII.0)

Database Manager: Viktor Zerkin, NDS, International Atomic Energy Agency (V. Zerkin@iaea. arg)

Web and Database Frograrmiming: Vikbor Zerkin, WDS, International Atornic Energy Agency (V. Zerkin@iaea.arg)

Data Source: Nuclear Energy Agency International Warking Party on Evaluation Cooperation (hitp./fwww nea. fr/htmifsclencefwpec/)
and Cross Section Evaluation Warking Group (hitp fwww.nnde. bnl. gov/csewa/)

15



1276:930 - http://[www-nds.iaea.orglexfor/servlet/X4sProcessC4make1zvd - Opera

@ & | (htpfwww-nds.ize., | % | manDL
i_l‘: E - e 5 2 Q |v #f 5 hittp: /fwwrw-nds. iaea.org/fexfor fservletX4sProcessC4makelzvd v My =
4 EXFOR-Request #-1 ENDF-Request #10400
Selected Plots: +1(3)
6-C-12(P,EL),DA E108.80E+8 Anl78 1) ENDF/B-WIL0O: C-12 EI0.00E4+0 Anl70
B =) JENCL/HE-2007:C-12 EI0.00E4+0 An170
1 10
————y . : — VIl 3) IBA-EvaL:C-12 EI0.00E+0 An170
4) TENDL-2010:C-12 EI0.00E4+0 Anl170
+[¥] 53 Use my data [exarmple]
0.8 —-0.8
See: plotted data (12Kb)
x
0.6 -0.6
& 2
} 0.4r g —0.4 E+2 12C{p.p0)12C
' a 3,60
-]
o
b
5 3.00
o.z| 2
Q
-
2.48
2
o
o
o
o . . | . 1.88
1 [
Incident Energu (MeU) -E m
5]
Log: x| x| ¥uin: x| x| ¥ |auto-range: xv| x| v|Page;: ==| <<|Zoom: <x| =<|Grid: wH|0||H|Pts: Txt| Box| PL| Print] & *2° vy
[Legend [JAauthors [Jinfo+  PostScript Manual options:[-]  § A
5 8.60 "
5 n
Y1 Axis: Auto v Min: |0, Max: 0.956946 Units: b v & v
X:  Axis: Auto ¥ Min: |0.311654 Max: |10.8526 Units: |Mew v IO W— =
Title: |6-C-12(P,EL), D4 EI0.00E+0 An170 0 iowg 278 398 Sle0 G306 7o
Title-2: Energy. keV
Shift Iegend' =0 |‘J":O Split' 0 0:none; 1:xy; 2:y Theta=170.0 SimnaCale 1.6. File created 22-9-2011
’ : ) ST Theia=170.00  S. Mazzoni et al., Nucl. Insir. Meth. B136-138 (1998) 86
Ficture-size: lx=700 ly=/500 £00*400| 700*500| 800*600] 200+700| Theta=170.00 V. Paneta, M. Kokkoris, A. Lagoyanuis, A. Gurbich, D. Abriola

Data for plotting: Z2wD (BKb), send to Zwiiew; download Zviiew; upload and plot your ZvD file

MNote, Zoom and other interactive plotting features were fested under Web-browsers:
MS-Internet Explorer 5.5, Firefox 2.0, Safari, Opera 9.1, Netscape v-7.2

Fage generated: 2011/09/22,15:15:01 by X4-Servlet on www-nds.igea.org
Project: "Multi-platform EXFOR-CINDA-ENDF", W Zerkin, [AEA-NDS, 1999-2011
Request from: robust.ippe.ru (212.193.160.62) [fwd: 172.20.6.104]
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Evaluation Scheme

Data Compilation

I

Critical Analysis

£

Theoretical Calculations

i

Analysis of Discrepancies

!

!

Cross Section
Measurements

Benchmark
Experiments

\ 4

Data Dissemination
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R33 Format for Communication of Reaction
Cross Sections in the IBA Community

Comtnent: The thick film method was employed at different incident heam energies

and the results were combined into a single cross section. The wvalues agree with

our thin f£filw results, which generally exceed those of J3aad et al (1966) by a factor of 2.
File created by R33 Manager wersion 0.21

Version: R33

Source: M.J.F.Healy and D.W.Lane. WNucl., Instr & Meth B 136-138 [19958) 66-71
Natre: Healy, M.J.F.

Addressl: Cranfield University.

AddressZ: RHC3 3hrivenhsam

Address3: 3windon. 3N6 SLA.

Address4d: United Eingdom.

Address5: Tel +44 1793 755736 Fax: +44 1793 735774
Addressé: email m.j.f.healyBrmes.cranfield.ac.uk
Zerial Number:

SubFile: 32=dp.r33

E4lhanber :

Feaction: 323(d,p0)333

Distribution: Energy

Composition:

Masses: 2.000, 32.000, 1.000, 33.000

Zeds: 1, 16, 1, 16

rralue: 6415.00, o.oa, o.oa, o.oa, 0.oo
Theta: 150.00

Sigfactors: 1.00, 0.00
Enfactors: 1.00, 0.00, O0.00, O.00

Tnit=s: wh

Data:
1005.000, 0,000, 0.011, o0.000
1010.000, 0O.000, 0.01z2, 0O.000
1015.000, 0Q.000, 0.016, 0O.000
1020.000, 0,000, o.019, 0.000
1025.000, 0,000, o.0zo, 0.000
1030.000, 0O.000, 0.019, 0.000
1035.000, 0,000, o.017, 0.000 18
1040.000, 0,000, 0.015, O0.000
1045.000, 0,000, 0.015, 0.000

18



Deviation, %

ola,

How accurate Is digitizing?

4] X
2 X X
_ o 250

0_

5. K X

4 - x ~

) Mean deviation: + 0.19%

Mean square deviation: 1.44%
20 B | | ! | ! | |
18L A Tabulated D%D _
1.6 [ O Digitized I%p _-
14} o .
1.2 lﬁ -
Lof o o(,0)°0 A
0.8 a Leavitt et al. -
06 o 1700 ]
2400 2450 2500 2550
Energy, keV
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The IBANDL content by element
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The distribution of the available data on angle

PIGE

105 9 75

180 !
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Content of IBANDL (by reaction)

350
300
250
200
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100

50

Hastic NRA ERDA PIGE+DIGE
scattering
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Content of IBANDL (by projectile)

300

250
200

150
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50

p d 3He 4He 6LI

7Li
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The IBANDL statistics showing most popular retrievals

100 -

(o]
o
|

B Individual
[ | Cumulative

60

N
o
1

Per cent of retrievals

20 A

>90% of retrievals are for 7 elements / 15 cross sections
24
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Comparison of different results for

“N(p,po)*N

Cross section at the scattering angle of ~140 °

T ' I ' ' ' ' !
“| o Ramos03 8 _=1426°
. 150k A Bolmgren 57 6__=141.0° ; i
A
& A ﬁ o 4
A 14 A ,.5
N s, A N(p.p,) >
£ & TaaA aoh
O X\‘ 244 A oA
G : [ ) A P Y
E 100 v’ ia. A.. -
o) ) A A 4
S oo 4 a a',l JAadLaa1 *
~~ o ‘ . [ ] ..
AR 00000,%°
A
S
50 1 ’ | 1 | 1 | 1 | |
1.4 1.6 1.8 2.0 2.2 2.4
Energy, MeV
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Comparison of different results for  *B(p,p,)*'B
Cross section

180 | ! | ! | ! | i
170 | -
160 I m  Mayer 1998 ]
150 L m  Chiari 2001 h
. m  Chiarix 1.25 -
. 140_— I __
3 130 | L. -
E 10l . 'E -
% 110 | i E .
2 100k E i EE m
i 1 | u
%0 I ?. ? Em .II.IIIl.. 11 ( ) B 7
80 |- . -
L L L T 0=165"
70 - Em
60 i 1 | 1 | 1 | 1 | 1 | 1
1600 1800 2000 2200 2400 2600 2800

Energy, keV




Comparison of different results for  1°B(p,p)°B
cross section at the scattering angle of ~140  ©

90 | |
I “n m  Chiari 2001 1OB(p,p )10B
= Brown 1951 0 3
T o 6=140 _
m [ |
7
S 70 - -. ] ]
E‘ - gl .. m
% 60 - .- n® --'
%g "L Il. ;.I _
I = . .
50 | "'l-.-'.... ] - |
_-h-""i:._-ll‘:f
40 l 1 1 1 1 L ] ) | \ | . | . | . |

800 900 1000 1100 1200 1300 1400 1500 1600 1700

Energy, keV 28




Comparison of different results for  12C(a,a,)t*C

Cross section

Available online at www.sciencedirect.com -

.:....:.@.....m Nl B

Beam intoractions
with Materials & Atoms

ElLSEVIER Muclar Instruments znd Methods m Physics Research B 229 (2005, 157158

wwwekeviercomloczte/nmb

Discussion
Comment on “Carbon analysis using energetic ion beams”™
[Nucl. Instr. and Meth. B 222 (2004) 538-546]
A.F. Gurbich *

Tnstigute af Physics and Power Engineering, Bondorenko sg. 1, 24%X) (Ninsk, Russian Frderadon

Recerved 5 August 2004

70 T T T
ol | o 01 "
= ° 12C(O(,O(0)12C
50F | v [6] ° .
I . o

4,1 | 4,2 | 4,3 | 4,4 | 4,5
Helium lon Energy, MeV
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Comparison of different results for  150(a,0,)1%0 cross

section
2000 | .
6,,=165" 6,,=170° .
McDermot1960 | ® Chengl993 -
® Johnl969 *¥ Davies1994 .H.. U
1500 = e
v Fengl995 “ -
C ¢ Zhoul995 W
E N P
E .; *.)K

.Slooo —160(0(,0(0)160 o .'. _ -;.: '%\’W’ _

¢ X

% ”' :*& -;3’ :'9
3 J N = e * %
500 |- IR o
.’ » ot % *
,—-u-w"” « N N & ’

30

Energy, keV




The comparison of the results obtained by «thin»
and «thick» target methods for Si( a,a) cross section

K.-M. Kallman, Z. Phys. A 356 (1996) 287

300 -~ ! L -+
o

& 200+ . -

sl o

g

-]

<

'.'.) 100 - a

o ° .
o S Samn -1 (3

0 r 1 e
2.0 9.2 0.4 5.6 5.8

E_, [MeV]

Fig. 2. The excitation function obtained with the thick-target
method (full line} compared to the excitation function from [4] (dots)
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Cross-section, mb

18

16

14

12

10

PIGE data problems

“Na(p,p'y,,)°Na

®m  Mateus et al.

® Caciollietal.

S

PLL i
"3
P [ - -
® pE®oe [ | =
° ‘N, = °
| | | : | .. .I ]
2200 2250 2300 2350 2400

Proton energy, keV

32

32



Yield, Ngamma/sr/uC

E+6

PIGE data problems

19F (p.ag2-0)160

7.08

6.00

5.088

3.80

2.60

1.08

6.00
15680

Theta=90
Theta=9%0

20680 25080 3000 3500 4000
Energy, keV

M.J. Kenny, Aust. J. Phys. 34 (1981) 35
A, Fessler et al., NIM A450 (2000) 353
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Ajzenberg-Selove

Table 18.15: Maxima in the vields of **0 44 2

Fq Particles Iem J T Ex Refs. s 160(d. a0 14N
(MeV + keV) ont. (keV) (MeV) 2,48
0.805 P1s o 210 £25 (8.321) | (64AMIA)
1.048 p1. do, 88 £10 1+ 8.457 | (60AMIA, G4AMIA, 6SMA1D) 2,00 %,
1.199 g 230 £ 30 (8.591) | (64AMIA, 65MALA) 3 2
1.208 pr. do. g 1343 (8.679) | (BDAMIA, GAAMIA) £ L 2l
1.325 do, oo (8.703) | (64ANMIA) g & ol
1.489 ag 1045 (8.843) | (6DAMIA, G4AMIA) {é i3 ¢ b e
1.563 do, ao 121415 (8.914) | (60AMIA, 64AMIA) s %‘:; 1‘?,
1.616 o 19+15 (8.962) | (60AMIA, G4AMIA) 2 a0 o %%, gl 4o o
1.765 do. 141 + 10 (9.004) | (60AMIA, GAAMIA) © ogﬁé
1.885 Pos 1 dgs g | 10812 3,40 920 || (56RO1A, 64AMIA, 65MALA, 73J013) 0,40 g
292 1o, Qg 2,3+ 0 9.50 || (55MA1C, 61DI1A, 73J013) ¢
2.28 o 2,3+ 0 (9.55) | (737013) 456
2.34 g Py (9.60) | (56RO1A, 55MA1C, 61DI1A) 5 oo “"“Energ:‘“"kev 1780 2008 20
255 p1 (9.79) | (555114, 56KO1A) - - i
2,92 g, Pos Pi 1012 | (55MA1C, 555T1A, 56RO1A) g::::::ﬁ“ ;’:ﬁ:ﬁ;‘ﬁlimmﬁmﬂ19(11';;4")1329
3.05 g 3,4-:0 10.24 (73J013) Theta=164.25 R.F.Seiler et al. Nucl. Phys. v.45 (1963) 647
. N — (Tij.]()]_ij) Theta=164.25 H.C. Kim et al. Nucl. Phys. 57 (1964) 526
1.88
13F (continued) Firestone
1.508
g 73362, 17, =162 keV, [KL], %IT=?, %p=7, 77634, T=70 keV, [L] %p=100
[ T=1 78783, 22, T=20 keV, [LM], %p=2, %u="
: ?zzsi;gf-gg :'ﬁz-g;;’ 78992 (27), 1=38 keV, [CM], %p=?, %0=?
- 3134 . y ) = 0/ =
§ 0.90 gmz gﬁ;i } I?;ég 3‘?.),9} 7941 f%}ug:% =112 keV, [CM], %p=2,
re 721016254:320 (1-?10@} 80646, ail, =60 keV, ELﬂ.{j, %p=7?, %0="
5 334,420 (+7.49) 81158 =96 keV, [L], %p=100
0. 740;2 1*, r=14 an4 keV, [L ], %p=100 i B L
7447 10, T=140 keV, [M], %p=?, %0=? 82382, 4, =20 keV, JL ] %p=100
0.00 74542 1-, T=6 keV, [L] %p=100 920715, 347, [H], %p=?, %0=7, T=0
480 888 1288 16688 2088

Theta=165.0
Theta=165
Theta=164.25
Theta=164.25

Energy. keV

SigmaCale 2.0. File created 17-10-2013
G.Amsel Nucl.Instorumn. Methods 92 (1971) 484
R.F.Seiler et al. Nucl. Plys. v.45 (1963) 647
H.C. Kim et al. Nucl. Phys. 57 (1964) 526

74782 (2), T=12 3 keV, [KLM], %IT=72,
%p=7, You="7
73376539.520 (f,100)
74852(7), (17), T=32 keV, [L] %p=100
75082 47 I'=122 keV, [ILM] %p=?, %cu=7

9500, 2,3°, [H], %n=?, %=, T=0

958020, 6°, [DEF], %0=?

10580 50, [F]

11220 30, 7*, [DEF], %0=?

13830, 4°5°, =60 keV. [H], %0=?

35
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Comparison of different results for  1%0(a,a,)t°0

24

20

A\

Cross section

- °O(“He, He)
6=170°

AN\

A Le90

Energy, MeV
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160(a ,a0)16o

Resonance parameters reported in different works

Eq, keV [Nab, keV Reference
3.0317 Demarche et al. J. Appl. Phys. 100 (200@dp09
3034t5 Leavitt, et al. NIM B 44 (1990) 260
30356 Cheng et al., NIM B 83 (1993) 4
3036:2.3 | 10.12+0.37| MacArthur et al., Phys. Rev. C 22 (1980) 356
3038:5.0 | 10.0 Soroka et al., NIM B 83 (1993) 311
3042:3.0 | 10.2@0.49| Jarjis, NIM B 12 (1985) 331
3042+3.0 | 10.2@0.40| Wang et al., NIM 211 (1993) 193
304510.0| 10.0 Cameron, Phys. Rev. 90 (1953) 839
3038.22 | 10.%#0.4 | Evaluated (1998, TUNL)
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Additional experiment to resolve a problem
with 28Si(p,py)?8Si cross-section

o Ama3
e This work

| — Theory

-~ Rutherford

0= 110°

! . 1 .
400 1050

Energy (keV)

. 1 . 1
1650 1800

400 -

I o Ragh

r — Theaory

AmI3

& 5893
e This work

- - Rutherford

800 1000 1200 1400 1600 1800
Energy (keV)
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Benchmarks

A benchmark is an integral experiment which is
compared with a standard direct simulation using
microscopic cross-section data in order to verify
the data.

This Is an extension of the definition taken from
reactor physics where microscopic neutron data
are verified by comparison of calculated integral
reactor characteristics such as e.g. neutron flux
with results of direct measurements.
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The benchmark demonstrated the significance of
the cross section fine structure

4x10"

 ZAlp,p)” Al E=1.77 MeV  8=167°

[3 4 |
= 3x10
c
@©
e
Q\) 2x10* F i
%)
e
% o Experiment |
@) o ] _
QO 1x10*F Flng structu_rex section il
— [Chi] x-section
— [Ra] x-section
0 : ! . I T .
100 200 300 400

Channel Number
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The deviation of the cross section for Mg(p,p ) from
Rutherford above 800 keV

2 | ' | '
nat

Ma(p.p,) | =%

AA

A
A
1
4, -
A
Ch w Mna & ‘Aﬂ\‘/—‘g\ﬁ‘%

dcr/dchuth

A Zha 170°

A Ral70°
Evaluation

O | ) | ) | ) | ) |
800 1000 1200 1400 1600

Energy, keV

45

45



Counts/Channel

4000

The benchmark for Mg(p,p )

3000

2000

1000 -

O
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6=172.8°

-— = ™ e e -
P
-

Simulation (Theoretical cross section)

- - - - Simulation (Cross section from Zhang et al.)
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do/dQ, mb/sr

da/dQ, mb/sr

Evaluation of the 1*N(p,py)*N cross-section

400 — T T T T y T
L o Olness 168°
14 14
350 N(p,po) N 4 Lambert 166°
3 v Bashkin 161°
300 | & Havranek 161°
3 P o Rauhala 171°
250
200
150 f, 3
100
50 ) 0
— Evaluation 165
1 1 L 1 L 1 L 1
1.0 15 2.0 25 3.0
Energy, MeV
350 T T T T T g T
14 14 o Tautfest 152°
300 - N(p,po) N o Ferguson 155°
2 Hagedorn 154°
250 < Jiang 152°
g —— Evaluation 152°
200 |
150 -
100 -
50 +
1 " 1 1 1 " 1
1.0 15 2.0 25 3.0
Energy, MeV

do/dQ, mb/sr

400

350

300 -

250

200

150

100

50

14N(p,po)14N

O Bogdanovic 165° |
A Qlness 167°

Evaluation 165°

Energy, MeV
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Evaluation of the proton elastic scattering from ox

200

150 %
100}
50

0

e
o (&)
o O

)

da/dQ)_ (mb/sr)

Amirikas 93
Luomajarvi 85 n
Guohua 91
Chow 75
Eppling 57
Braun 83
Gomes 65

+ D> & O X O

0
05 10 15 20 25 3.0 35 40

Energy (MeV)

ygen
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The evaluated cross section for alpha
elastic scattering from oxygen

1500 ]
180

1000 ]

do/dQ, mb/sr

500

2000 3000 4000 5000
Energy, keV
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Evaluation of the 1*N(a,a,)'*N cross-section

Is/qui ‘Bp/op
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“N(a,a,)*N narrow resonance

300 T - T - . - |
14N(G,G0)14N  Herring etal.,
250 | ) shifted py 15 keV |
=170.8" c.m. Evaluation:
Original

200 | Resonance 2.767 MeV
r=0.8 keVv, r /r=0.69

Folded

150 |- Target thickness 4.3 keV 7]
Beam r=1.2 kev

do/dQ, mb/sr

100

50

2.75 2.76 2.77 2.78
Energy, MeV
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Evaluation of the °C(a,a,)'*C cross-
section

10 T T T T T T T T T T T T
1 1 160 - Evaluation 166.9° v Feng 165.0° -
C(a,a 0) C 1 - - - -Evaluation 170.0°  + Gosset 165.0°
gl | J 140 |- 12 12 O Bittner 166.9°
o Leavitt 170.5° 1 R C(a,a))"C % O Cheng 170.0°
| o Feng165.0° 120_‘ | A Davies 170.0° ]
6L £ Hil166.9° 100 | & Leavitt 170.5°
Evaluation 166.9° o Somatri 172.0°
h
% 80
4 i
S 60
2 i 40
_ 20
0 * ] L o= \ | , | . ] L -
2.5 3.0 3.5 4.0 4 5 6 7 8
Energy, MeV Energy, MeV
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The evaluated cross section for alpha
elastic scattering from carbon

do/dQ, mb/sr

y
1000

y
500

0

4500

180

5500 6500
Energy, keV
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Most useful reactions with deuterons

*H(d,p)°H
12C(d,p)13C
14N(d’p)15N
14N(d,0()12C
160(d’p)170
160(d,0) 14N
2TAl(d,p)28Al
2TAl(d,a)*®>Mg
28Si(d,p)?°Si

Q= 4.03 MeV
Q= 2.72 MeV
Q= 8.62 MeV (py)
Q= 13.57 MeV (a,)
Q= 1.92 MeV (py)
Q= 3.11 MeV
Q= 5.50 MeV (py)
Q= 6.71 MeV (a,)
Q= 6.25 MeV
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Evaluation of the *2C(d,p,)*C cross-

do/dQ, mb/sr

120 : , , : : :
12 13
[ C(d’po) C l'..] ~ A Kashy
100 |- o ,-" < Klyucharev |
6=165 LA ® Pacheco
- ) VL I ®  Balin
80 - L < v Kokkoris -
: /< A 4
60 - I _
i b
40 — / t/ y _ ]
5 e '-i‘ e
20 & < ) s
god
0 F 1 1 . 1 1 1
800 1000 1200 1400 1600 1800
Energy, keV
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160(d,0,)*N cross-section at 165°

E+1 160{d._a0)14N

2,80 ?

mbSsr

1.68

1.28

68.88

Cross section,

68.48

8.688
5688 i) 1188 1488 1788 280808 2388

Energy, keV¥

Theta=165.10 SiomaCale 1.6. File created 9-2-2010
Theta=165.00 . Amsel, Thesis, Ann.Phys., 9{1%G64), 207
Theta=164.25 F_F.Seiler et al. Mucl.Fhys. v.45 (19G3) 647
Theta=164.25 H.C. Iim et al. Nucl. Phys. 57 {(1964) 526
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Three regions in the compound nucleus excitation
and corresponding cross-section behavior

Resonances Smooth cross-section

/E

(D r

\ o(E)

E
D~T
5 o(E)

Ericson fluctuations
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Ericson fluctuations in the 28Si(d,p)?%°Si reaction

28Si(d,py)?°Si

285i(d,p,)*°Si

1.88

8.68

Cross section. mb/sr

8.28

0,00 | chmi

1888

1388

1688

Energy, ke¥

1968

2288

3.68

2,068

1,58

1,64
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Ericson fluctuations in the 27Al(d,p)28Al reaction

do/dQ, mb/sr

10 .
e ZAI(d,p,, ) Al o e
[ J
oall AP, A e ]
' 27 28 ¢
° “Alld,p,) Al o®
06| o *Al(d,p,,.) " Al ° -
o o
04 .’p.‘. K ."o -
oee ® %o 9% 0 ®
%e° ° o % R
0.2 ........... .... o® :... .......:.. ...... -
- ::..ooa 'o:: o 00q® o0%00%® ¢
2099° . | . | . |
0.0

1200

1400 1600 1800 2000 2200 2400

Energy, keV 50

60



“"Recommended” cross-section for 28Si(d,p,)%°Si at 150°

E+8 285i (d, p0)295i

a9
g
0.86 i o
0.68
8,48 _ j

8.28

Cross section. mbSsr

8.88
1888 1388 1688 19688 2288

Energy,. keV¥

Theta=150.00 Eecomanended - A F.Guibich, 5.L.Molodtsov, MNuacl. Instr. &

hetl. B226 (2004) 637
Theta=150.00 M. Kokloris et al. 61
Theta=150.00 C.C.Hsu et al. Physical Feview C v.7 (1973) 1425
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“Recommended” cross-section for 28Si(d,p,)%°Si at 150°
E+0 285i{d,pl1)295i
2,48 ﬁﬁ%

il
1.28

# ]
.88 J

.48

mb/sr

Cross section.

8.88
1888 1388 1688 19688 2208

Energy. ke¥

Theta=150.00 Eecommended - A.F.Guibich, 5.L.Molodisov, Nacl. Instr. &
heth. B22a (2004) 637
Theta=150.00 L. Koklkoris et al.
Theta=150.00  C.C.Hsu et al. Physical Review C v.7 (1973) 1425 62
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Benchmark for the 28Si(d,p,)?°Si cross-section

800 - e Experimental
—— Simulated

Gé %0 E_=1.950 keV ]
£ [ g=150°

S =

B 400 -
=

-}

@]

O 200 =

760 780 800 820 840 860 880 900
Channel
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“"Recommended” cross-section for
27Al(d,po41)?8Al at 150°

E+B 278l {d. p0o+1)28al
1.28

1.88

mb/Ssr

8.68

6,48

Cross section.

8.28

18008 1300 1606 1908 2200
Energy,. keV

Theta=150.00 5. Pellegrino et al., Nucl. Instr. and Meth. B 266 (2008) 2268

Theta=150.00 Fecormmended - A F.Gubich, 5.L.Molodisov, Nucl. Instr. &
Meth. B266 (2008) 3535
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“"Recommended” cross-section for
27Al(d,p,.3)?8Al at 150°

E+B 27Aa1 {d.p2+3)28A1
8,54

mb/sr

8,36

8,18

Cross section.

a.68 E
10008 13088 1608 1908 2008

Energy,. ke¥

Theta=150.00 5. Pellemying et al., Mucl. Instr. and Meth. B 266 (2008) 2268

Theta=150.00 Fecommended - A F.Gubich, 5.L.Molodtsov, Nucl. Instr. &
Meth. B266 {2008) 3535
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“"Recommended” cross-section for
27Al(d,ps,¢)?8Al at 150°

E+8 2201 {d,. p5+6)28Aa1

8,30 T

8.25

8.15

Cross section,. mb/sr

8.18

8.83

8,88
1288 1588 1588 2188 2488

Energy. keV

Theta=150.00 5. Pellegrino et al., Nucl. Instr. and Meth. B 266 (2008) 2268

Theta=150.00 Fecotmnended - A F.Gubich, 5.L.MMolodtsow, Nucl. Inst. &
Meth. B266 (2008) 3535
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The comparison of the results of a new measurement

1.0

o o o
BN o 0o

da/dQ, , mb/sr

O
N

0.0

other data for 27Al(d,p o.,)?%Al

- v Pellegrino » AL 7
A Gadioli -l
e Lin b A -
m  This work EAAQ y ¢
27 28 4
B AI(d,p0+1) Al & o ‘.'. ®°
o} ‘A Q.”J ° 0...0‘. \‘
6=150 (SR
i Mi ¢ ¢ 7
,ﬂg
v
A 4 L Y L | L | L | L | L | L | L |
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Energy, keV
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Benchmark for the 27Al(d,p)28Al

Counts/Channel

20000 -

15000

10000

5000

cross-section

e Experimental Al(d,p,.,)

Simulated

“AId,p,,.)

| E,=1950 keV

9=150"
| \ |

550 600

650 700 750
Channel Number

800
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Most useful reactions with 3He

2H(3He,p)*He Q= 18.35 MeV
2H(3He,a)H Q= 18.35 MeV
‘Be(3He,py) B Q= 10.32 MeV (py)

12C(3He,p)'“N Q= 4.78 MeV (py)

69

69



1276:930 - ENDF: Evaluated Nuclear Data File - Opera

J K IBAMNDL || 1')ENDF: Evaluated Nu..

([0

bt EH®& « » 2 Q H- = http: fAwn-nds, iaea, orgesdor fendf. bt | Mg
Help s ENDF Format Mandal | Plot+  Databazes » Medical | NGAHEs | RIPL | FENDL | IRDF-2002 | EXFOR | CINDA

Evaluated Nuclear Data File (ENDF)

Database Version of May 31, 2010
Software wersion of 2010.02.22 Old irter face is [here]

2010706 Mew library: ~
1) JEMDL-4.0 Japanese evaluated nuclear data library, 2010 [page] =
2010702 Updated library:
1) ROSFOND-2010:_neutron library, 686 materials, Obninsk, Russia, jssued in 2010 [page] &
Core nuclear reaction database contain recommended, evaluated cross sections, spectra, angular distributions, fission pruduct yields, photo-atomic and thermal scattering law data, with
emphasis on nedtron induced reactions. The data were anakzed by experienced nuclear physicists to produce recommended libraries for one of the national nuclear data projects (LISA,
Europe, Japan, Russia and China). All data are stored in the internationally-adopted ENDF-6 Tormat maintained by CSEWGE.

Standard Request Examples: 1)2/345/gl7] v Go to: Advanced Request; ENDF-Explorer

barameters: | submit | [ Reset | Libraries: Al O Selected  Check| Reset |
Tarqget He-3 5 (O Major Libraries (% Spedial Libraries
- g = 1 1) ENDR/B-VIL O (USA 2006 e archival
Reaction [v] |dp * | )21 JEFF-3.1.1 (Europe,2005-2009) (¥ Derived
Quantity [J # [13) JENDL-4.0 (Japan,2010)
AT [RETE T o []4) BROND-2.2 (Russia,1992)
[]5) CENDL-3.1 (China,2003)
Options:
ISort by: (&) Reactions OEvaIuationsl
Clone Request: Feedback:
[ EXFOR | [ CNDA | [E2<] Comments/Questions?
fNote:

- all criteria are optional (selected by checking I« )

- selected criteria are combined for search with logical AMD

- criteria separated in a field by ;" are combined with logical QR

- wildcards and intervals are avallable

- pointwise libraries contain reconstructed resonances using parameters from MF=2 and applied Doppler broadening at a given temperature.

Qriginal ENDF libraries and files for FTP downloading: [ENDF-Archive]
Extensive temperature dependent pointwise libraries: Point-2003 (ENDFE-VII.O)

Database Manager: Viktor Zerkin, NOS, International Atormic Energy Agency (V. Zerkin@iaea. arg)
Web and Database Programiming. Vikior Zerkin, nNDS, International Atornic Energy Agency (V. Zerkin@laea.org)
Data Source ! Nuclear Energy Agency International Working Party on Evaluation Coaperation (http/leww. nea, fr/ihtmilfscience fwpecy)

land Crass Section Evaluation Warking Group (httpAwww.nnde. bl gay/csewag)’)
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ENDF Section Sunimary

Fvaluation

Library ENDE/B-VI

Ilaterial MAT=2ZZ5 ZA=Z2Z003 Z-HE-3

Sub-Library MEUE=100Z0 (D}

Lak LLNL

Author(s) R. M. WHITE & D. A. EESLER

Date(s) ENDATE=192910613 EDATE= DDATE=DIST-SEFP%]l EDATE=EWVAL-MAYI]1
Sections =

Section

File MF 3 Cross sections

=ecton MT103 (D, ) |Production of a proton, plus a residual Sum of BMT=600-649 if they are preszent.

Eeaction-code

HE-3 (D, PIHE-4, 8I%

Lines 287
Parameters oM=1.83532=+7 0I=1.83532Z=+7 LE=0
Producti(s) H-1, HE-4
Tabulated Data:
Foints: 347
Energy (V)
fin Iulas:
1187.5 3e+07 Pl
From Tao et data;
1187 .9 3e+07 Sutrmit

Calculation of Cross Section
] iz tl -
for a Smgle Fnergy:

Energy (V) =|1.8e+6

Cross Section (b) = 0.11387687
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Cross %ection (bharns)

.0

EHDF Request 1434, Z818-Aug-38,14:47:38
ESFOR Request: 771361, Z2818-Aug-38 14:58:57

0.5 1.0 1

-3

. . . , . . . . | . . . .
j- 1) 2-HE-3(D,FP)2-HE-4,,515,,,EXP
B 1988 =.Engstler,
1988 S.Engstler,

i 1987 A Krauss,

1952 T.WW .Bonner,
-|M 23 2-HE-3(D,P)2-HE-4,,51G
2005 M.La Cognata,
2005 H.Erramli,
1299 W H Geist,
1999 W H, Geist,
1977 Li Zhichandg,
1352 F.G.]arvis,
~ Il = ENDF/B-I: HE-3(D,FIHE-4

[<] &[] 5] [<] (5]

0.5 1.0 1.

Incident Energuy (Mell)
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Most useful reactions with protons

Li(p,a)*He  Q =17.3 MeV
UB(p,0)®Be Q= 8.5 MeV
BO(p,0)>*N Q= 4.0 MeV
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= SigmaCalc 2.0 - Windows Internet Explorer

@\. yw |' it/ e surreyibe. ac.uk s |

@ain  MMpaeka Bug  M=0panHoe  Cepeuc  Chpaexa

7% Ma0panHoe | ® SigmaCalc 2.0

Format

[1R33
Energy
© keV
O MeV
Cross section
© RIR
O mb/sr(lab)
O mb/sr{c.m.)
Delimiter
® Tab
O Space
O Comma

® SigmaCalc

Scattering
Angle

016 _|¥]| O (@) 165 |
O (a.0)
(a.p)
O (dd)
O (dpy)
O @dp)
O d.a,)
(d.er)
(p.p'7)

Calculate

Element Reaction

This service is hosted by Surrey University Ion Beam Centre.

This calculator provides evaluated (recommended) differential cress sections for Ion Beam Analysis

About

rGeneral
»Evaluation
rUpdates
rCross sections

Development and Web Programming: Alexander Gurbich. The data obtained with SigmaCalc may not be distributed.

/| FoToED

& VHTepHeT

¥a -

#, 100%
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¢~ SigmaCalc 2.0 => Results - Windows Internet Explorer

v ionbeamcentre, co.uk/ o

@ain  Mpaeka  Bua  M36paHHos

T MEBpanHoe ifgggmacmc 2.0 == Results | - B W v CTpaHvya ™ EeaonacHocTe ™ Cepewc ™ @~ i
Ready!
numerical data
E+1 0-16(aa) Theta = 165
8.08
- 7.08
]
>
“ 600
o B
-
S s.00
=
T
s
, .00
c
S
-
t  3.00
0
. |
0
@ =2.00 A
<
c
o
1,08
a.00 J J
1768 2608 3508 4408 5308 6208
Energy, keV¥

[oT0BED
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7 SigmaCalc 2.0 => Results - Windows Internet Explorer EEX
@.__:  Bd ié, [ttt ionbeamcentre.couk/co-bin o eelect_run pl VI H||*r A |"'l |-P_'
@ain  Mpaeka  Buag  M3BpadHos  Cepewc  Cnpaeks |:X:| '@ T
7.7 MatpanHoe :@SigmaCaIc 2.0 == Results ?’}, > B = L@I * CTpaHMua ™ BesonacHocTe ™ Cepewc ™ l@v i
Ready!
numerieal data
B a13768[1].txt - baokHoT
Gain Mpaeka  Popmat  Bug  Chpaeka
|The data were generated by SigmaCalc version 2.0. File created 17-10-2013 ~
0-16(aa) at 165.0 deg.
keV RTR K
1769.0 1.0064
1819.0 1.0068
1857.0 1.0066
1870.0 1.0065
1920.0 1.0062
1970.0 1.0060
2050.0 1.0051
2100.0 1.0041
2150.0 1.0022
22000 0.9990
2250.0 0.9933
2300.0 0.9829
2400.0 0.9137
24500 0.7439
2460.0 0.6612
2465.0 0.6119
2470.0 0.5701
2475.0 0.5823
2480.0 0.7816
2481.0 0.8611
2482.0 0.9555
2483.0 1.0628
2484.0 11798
2485.0 1.3012 v
aToEo & VHTepHeT vy v ®100% <
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igmaCalc 2.0 - Windows Internet Explorer

Go- -

v gurreyibc, ac.uk s

®aiin  lMpaeka B Mz0panHoe  Cepeuc  Chipaesa

L7 MeBpaHHoe | @ SigmaCalc 2.0

1 i »
y ~ B 1 fmh v CTpaHMua T BesonacHocTe T Cepewc (g

® SigmaCalc

This calculator provides evaluated (recommended) differential cross sections for Ton Beam Analysis

Format

R33
Energy
keV
MeV
Cross section
RTR
mb/sr(lab)
mb/sr{c.m.)
Delimiter
Tab
Space

Comma

Reaction

O (p:p)
@ (o)
(o:p)
O (dd)
O (d.p,)
O (@d.p)
@] (d,u.o)
(do)
(p:p'7)

Calculate

About

rGeneral
»Evaluation
rUpdates
»Cross sections

Development and Web Programming: Alexander Gurbich. The data obtained with SigmaCalc may not be distributed.

/4| MoToED

This service is hosted by Surrey University Ion Beam Centre.

€ ViHTepreT




= SigmaCalc 2.0 - Windows Internet Explorer EHE|®

@ :_: = ié, [t/ o ionbeammcentre.couk /o i ot gl v | &[4 x |-'l {2~
- ®aiin  Mpaeka Biug  MsBpanHoe  Cepewmc  Cnpaesa x @~
- 17 M=BpaHHoe | @ SigmaCalc 2.0 » | B 1’}; s D [ L% T CTpaHMua ™ Bes0nacHoOCTE ™ Cepamc.' @v i
| I. ]
160((!,(10)160
Home
The expenmental data presented in the table is an excerpt from IBANDL database maintained by the JAEA
No. Angle Energy(keV) Reference File
1| [170 | 2020-3980 TR . . O
2 | 1757° | 5000-12390  |JJohn+(1969), Jour. Physical Review, Vol 181, p. 1435 (Fiie) O
3 175.0° . 8300-8900 Cheng Huan-Sheng et al. Acta Physica Sinica v.2 (1993) 641 Fl .
s | oo | 1770503 (Lle;;&ﬁm= ;gg:: Mclntyre Jr., L.C., Ashbangh, MD., Oder, J.G., Lin, Z. and Dezfonly-Arjomandy, B. Nucl Insir. and Meth. B44 . -
5 | 17000° | 1810-2020  |JALeavitt and P Stoss, Nucl Instram Methods B15 (1986) 296 (Fite) O
6 | 17000° |  2000-9000 |Cheng, H.-S., Shen, H., Tang, J. and Yang, F. Nucl Instr. and Meth. B83 (1993) 449 0o
7 170.0°> | 2000-9000 Cheng Huan-Sheng et al. Acta Physica Sinica v.2 (1993) 641 i [
8 | 17000° |  2430-6010 ] Demarche and G. Terwagne, J. Appl Phys. 100, 124909 (2006) (Fite) 0
9 | 17000° |  2810-3960  |I.ALeavitt and P Stoss, Nucl Instrum Methods B15 (1986) 296 O
10 | 17000° 3450-4950 LA Leavitt and P_Stoss, Nucl. Instrum. Methods B15 (1986) 296 O
11 | 17000° |  7300-7650 1A Davies, F.JD Almeida, HK Hangen, R Siegele. I.S Foster, T E Jackman Nucl. Instrum. Methods B85 (1994) 28 [File] O
12| 1700° | 8$300-8900 |Cheng Huan-Sheng etal ActaPhysica Sinicav 2 (1993) 641 (Fiie) 0
13 | 17000° | 12640-13440  |Caskey ctal Phys. Rev. C31 (1985) 717 &
14 169° 6020-7970  |H.Yonezawa+(1994), Jour. Nucl Instrum. Methods in Physics Res., Sect B, VoL88, p.207 O
15 | 167° | 52105980  |C.JWetteland et al LA-UR-98-4867 [Fiie] O
16 | 166° |  3320-3400 [ Berthoumieux+(1998). Jour. Nucl Instrum Methods in Physics Res.. Sect B, Vol136-138, p.55 (Fite] 0
17 | 16570° | 5030-12450  |Joha, J., Aldridge, J.P. and Davis, RH. Phys. Rev. 181 (1969) 1455 =
18 | 16520 3730-6480  |L.CMocdermott+(1960), Jour. Physical Review, Vol 118, p.175 O
19 | 16500° |  2010-2790  R.A.Jarjis. Nucl Instrum Methods B12 (1985) 332 [Fie] 0
20 | 16500° = 20509010  [Fengetal. 1994 (see Comment) [Fiie) O
21 | 16500° |  2430-6010  |J. Demarche and G. Terwagne, J. Appl Phys. 100, 124909 (2006) =
22 | 165.00° 2800-3570  |R.A Jarjis, Nucl. Instram.Methods B12 (1985) 332 O L
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PROMPT GAMMA-RAY SPECTROSCOPY
AND ITS USE IN ELEMENTAL ANALYSIS

G. DECONNINCK, G. DEMORTIER, F. BO‘DARTA

- Laboratoire d’analyses par réactions nucléaires (LARN),
Facultés Universitaires de Namur,
Namur, Belgium

" ABSTRACT. Elementa! analysis by nuciear techniques has deveioped considerably over the

last twenty-five years. In this review we sonsidere the analysis of the great majority of chemical

. tlements by irradiation of the sample (solid or liguid) with charged particles, and detection,
during such irradiation, of the gamma photons cheracteristic of each element. A sutcinct
account of the physical phenomena peculiar to prompt photon detection, s compated with
activation methods where delayed activity is measured, is followed by a brief description of the

* experimental apparatus néeded for this type of analysis. A large section is devoted to a critical
study of recent applications to. the analysis of metais, semiconductors.and electrical insujators.
A set of tabies provides the informetion necaulry for selgcting the nuclear sesction to be used
for 2 specific analysis.

CONTENTS. 1. Introduction. 2. Production of prompt gagema-rays in solids under
irradistion with charged particles. 2.1. Gammae-ray emission ag a result of chlen reactions.
.2.1.1. Nuclear reactions induced by charged particles. 2.1.2. Radiative ccptnre 2.1.3. Inelastic
scattering. 2.1.4. Rearrangement collisions. 2.2. Spreading effects on thq ggonmce intensity
curves. 2.2.1. Energy loss of protons in solid samples. 2.2.2. Intensity of prompt gamma-rays.
2.3. Line-broadening effects. 2.3.1. Doppler effect. 2.3.2. Capture reactions. 2.3.3. Re-
arrangement reactions. 3. Determination of depth profiles by means of resonances.

3.1. Determination of hydrogen. 3.2. Determination of helium. 3.3. Determination of
fluorine. 3.6. Determination of neon. 4. Bulk analysis of samples. 4.1. Intensity of gamma-
carbon. 3.4. Determination of nitrogen. 3.5. Determination of fluorine. 3.6. Determin-
ation of neon. 4. Bulk analysis of samples. 4.1. Intensity of gamma-rays. 4.2. Practical
formula. ‘5. Experimental method. 5.1. Accelerator. 5.2. ‘Detector. 5.3. Calibration.
5.4, Standards. 5.5. Targets. 5.6. Nuclear microprobe. 5.7. Analysis of gamma
spectra. 6. Applications. 6.1. Nuclear reactions applicable to analysis by prompt

* detection of gamma photons. 6.2." Analysis of metals and semx—conductors

J6.2.1. Hydrom 6.2.2. Lithium, beryllium, boron. 6,2.3. Carbon. 6 2.4. Nitrogen.
6.2.5. Oxygen. 6.2.6. Fluorine. 6.2.7. Neon. 6.2.8. Sodxum 6.2.9. Alummxum

' '6.2.10. Heavier elements. 6.3.. Analysis of decmplly insulating xagtexuls 6.4. Analysis of
biological sampies. 6.5. Analysis of archaeological obijects. 6. 6 Analysis of pollution
mdxcnors 6.7. Analysis of meteorites and lunar samples.

Atomic Energy Review
Supplement No.2 (1981)
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Table 1. Prompt v-ray emergies

E, Reaction E, Reaction E, Reaction

(MeV) (MeV) (MeV) .
Proton induced reactions

0-099 195py(p, p')193Pt 0-476 ONii(p, 7)°'Cu 1273 298i(p, p")**Si
0-100  ®3W(p,p")*:W 0-477 "Li(p, p')"Li 1-292 33Cr(p, 7)**Mn
0-110 9F(p, p')'°F 0-496 1$0(p, 9! 'F 1-318 S3Cu(p, ¥)**Zn
0-110 180(p, y)*°F 0.555  194Pd(p, p)'*Pd 1-342  35Mg(p, y)*¢Al
0-111 '84W(p, p’)' W 0-560 75Se(p, p')"*Se 1:368  *3Na(p, y)**Mg
0-122  %*W(p,p)'ssW 0-568 37CI(p, 0)**S 1.368  **Mg(p, p')**Mg
0-123 S6Fe(p, p')**Fe 0.574 Zn(p, )*°Ga 1-368 21 Al(p, 2)**Mg
0-126 $4Cr(p, 7)**Mn 0-586  2%Mg(p,p)**Ms S 1.379 S6Fe(p, p')**Fe
0-126 55Mn(p, p)**Mn 0-595 SSMn(p, p)**Mn 1-384 a85i(p, y)*°P
0-128 S¢Fe(p, 7)*’Co 0-602 37Cl(p, x)**S 1-39 1*N(p, 7)**0
0-136 S7Fe(p, p’)S"Fe '0-614 785¢e(p, p')*Se 1.437 *Be(p, y)'°B
0-136  *'Ta(p,p’)'*'Ta 0-667 *°Se(p, p')*°Se 1-46 *8i(p, 7)*°P
0-168 s¢Zn(p, 7)°’Ga 0-697 37Cl(p, 2)**S 147 . N(p, y)**0
0-170  *5Mg(p, )*’Al 0-709 295i(p, 7)*°P 1-54 24Mg(p, )35Al .
0-170 27Al(p, p")*7Al 0-717 9Be(p, ¥)'°B 1-634 23Na(p, #)*°Ne
0-176 s¢Zn(p, 7)%'Ga 0-717 198(p, p)'°B 1-643 288i(p, )*°P
0-185 €7Zn(p, )**Ga 0-75 “N(p, N1*0 1.72 83i(p, y)*°P
0-192  '7Au(p,p)'*’Au 0-783 80Cr(n, p')*°Cr 1-760 $SFe(p, p')**Fe
0-197 *F(p,p’ »)'°F ©0-797 35Cl(p, y)*°Ar 1-763 48(p, *Cl
0-197 180(p, »)'°F 0-806 325(p, y)33Cl 1-763 35Cl(p, p')**Cl
0-200 77Se(p, p’)"'Se 0-809  %3Cu(p, »)**Zn 1-778 21Al(p, )?*Si
0-202 127§(p, p')+271 0-830  2SMg(p, 7)*°Al 1-778 288i(p, p')**Si
0-211 "’Pt(p, p')’”Pl 0-834 "Cu(p, 7)“Zn 1-778 "P(p, a)“si
0-239 7"Se(p, p')"se 0-840 “Fe(p, p’)“Fe 1 80 “MB(P, y)“Al
0-239  195Pi(p,p’)' 5Pt 0-842 335(p, p')*3S 1-809  3SMg(p,p")**Mg
0-279  "7Au(p,p)**’Au 0-843 35Mg(p, ¥)*7 Al 1-84 35Mg(p, y)*°Al
0-280  '°5Pd(p, p’)**Pd 0-843 27Al(p, p')?" Al 1-922 S9Fe(p, p’)**Fe
0:296  '®Rh(p,p)'**Rh 0-845  24Mg(p, y)**Al 1.95 S5i(p, 7)**P
0-309  1°°Ag(p,p)'°°Ag 0-847 . 5*Mn(p, y)**Fe .. 1.972 *3Ci(p, 7)*°Ar
0-320  *%Zn(p,»)*°Ga 0-871 170(p, p)70 1-982 *O(p, p")**0
0-320 3V(p,p)*V 0-874 8Zn(p, y)*°Ga 2-02 338(p, 7)*Cl1
0:325  °7Ag(p,p)'°’Ag 0-913 $3Cr(p, 7)**Mn 2-04 24Mg(p, 7)3°Al
0-328 194py(p, p')'94Pt 0.933  S¢Mn(p,n)*Fe 2.05 33§(p, y)**Cl
0-354 S'Fe(p, p’)s’Fe 0-945  3*Mg(p, y)*5Al 2.127 37Cl(p, 2)**S
0-356  %SPi(p, p')'?Pt 0-970 $ONi(p, y)**Cu 2144 H1B(p, J*3C
0-358  193Rh(p,p’)'°°Rh 0-976  *SMglp,p')**Mg 2-15 °Be(p, 7)'°B
0-375 110pg(p, p’) 1°Pd 0-992 63Cu(p, y)°*Zn 2-168 37Ci(p, y)**Ar
0-379 52Cr(p, ¥)**Mn 0-998 33CI(p, y)*°Ar 2-209 35CIp, y)*°Ar
0-390 . 25Mg(p,p’)**Mg 1-013  2$Mg(p,y)?"Al 2.237 3Cl(p,a)>2S
0-406  '**Pi(p,p’)***Pt 1-013 27A)(p, p')2"Al 2.237 31P(p, y)**S
0-413  %*Mn(p,n)**Fe 1-023 ?Be(p, ¥)!°B 2-237 328(p, p)*?S
0-414 9Be(p, )!°B 1.035  55Mn(p, )%°Fe 2-24 24Mg(p, y)**Al
0-414  199Ag(p, p')!*%Ag 1-039  $5Cu(p, »)**Zn 2-28 295i(p, )*°P
0-418  25Mg(p, 7)?Al 1-078 s8Zn(p, 7)*°Ga 2-357 13C(p, y)* 3N
0-425  197Ag(p,p")*°7Ag 1-14 12C(p, y)'°N 2366 13C(p, y)'3N
0-429 19B(p, )"Li 1220 35Cl(p, p’)>*Cl 2.38 1N(p, )50
0-434  19%pd(p, p')108Pd 1-266 -3P(p,p’)>'P 2-39 13C(p, PN
0-439  3Na(p,p)**Na 1-266 345(p, 2)*' P 2-40 “Be(p, )!°B
0-440 "1Se(p, p’)7Se 1:266  *°Fe(p,p")*°Fe 2-440 31P(p, 9)328
0-452  **Mg(p, 7)?5Al 1-266 30Si(p, 7)*'P 2-59 180(p, y)'°F

J.R. Bird, M.D. Scott, L.H. Russel, M.J

Kenny, Analysis using lon Induced y Rays.

Aust. J. Phys., 31 (1978) 2009.
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Case studies

* 23Na(p,p,y)>°Na (E, = 440 keV) for proton
Inelastic scattering — R-matrix + DWBA

* 22Cr(p,y)>*Mn (E, = 378 keV) for proton
radiative capture — Houser-Feshbach
statistical model
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Experimental data available in IBANDL for the 440 k

y-ray from 23Na(p,p,y)>Na

23
Na+p
No. Reaction Angle |Energy(keV) Reference File ||| Plot
1 |[#Na(p.7,,,)**Mg 90.0° [4000-12720 |[R.C. Bearse Nuclear Physics A v. 116 (1968) 682 O
2 |PNa(p.y,)**Mg 90.0° |4000-12700 |[R C. Bearse Nuclear Physics A v. 116 (1968) 632 O
3 [*Na(p.y)** Mg 00 0° [4010-12720 ([R.C. Bearse Nuclear Physics A v. 116 (1968) 682 O
23 23 o
Na(p.py, )" "Na A Caciolli et al.. Nucl. Instr. and Meth. B 266 (2008)
. - 5.00°(2210-52 i
* E =440 keV 135.00%/2210-5200 1) 395 -
23 23
Na(p.p, Na .Mat al. . " feth. B219-220 (200:-
5 Ezi 01 l{;?) 130° |1260-2410 g{ol\;xateus et al. Nucl. Instr. & Meth. B219-220 (2004) 0
y ,.
23 23 . . .
Na(p.py, )" Na . R F.Bodart, G.Deconninck, G.Demortier, J. Radioanal. -
6 E ~440 keV Sl 830-2700 |l cpem 35 1977) 95 .
23 24 - G o -
- ||”"Na(p,y)*"Mg ' I Bodart, G.Decomunck, G.Demortier, J. Radioanal. .
| B =6 kev 00° 4901000 fey 1 35 (1977) 95 H
3 “Na(p,ay)“’Ne 90° 1010-2700 F.Bodart, G.Deconninck, G.Demortier, J. Radioanal. 0

Ev=1634 keV

Chem. 35 (1977) 95

84



Experimental data available in IBANDL for the 440 ke V
y-ray from 23Na(p,p,y)**Na

E+1 23Na(p.pgl-0)23Na
2,40 F
2,00 l
%
£ 1,60 . ®
ty 1] '
IR . !
g 0.80 4 ¢ ¢ ob # e > . s
° b oo PRt f}: ga g "
ik ¢:¢¢$§¢¢ @& wao@‘”
0.48 = - .ﬂ:%:&; " - o: Lo a%@%% o
&%4? @:ng q’k% @ %
0.00 B>

12608 16680 2600 2468 28060
Energy,. ke¥

Theta=135.00 A, Caciolli et al., Nucl. Instr. and Meth. B 266 (2008) 1392
Theta=130 E.Mateus et al. Nucl. Instr. & Meth., B219-220 (2004) 307 85
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Experimental data by Meyer et al.
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Non-linearity of the energy axis in the
Meyer's et al. data

Deviation, keV

1i0 | 1i2 | 1i4 | 1i6 | 1f8 | 2f0 | 2i2
Energy, MeV
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ADOPTED LEVELS, GAMMAS for 23Na

Author: R.B. FIRESTONE

Citation: Nuclear Data Sheets 108, 1 (2007)

E

level Ey .
(keV) Jn (keV) l, y mult. Final level
0 3/2+

439.9909 5/2+ 439.9840 100 M1+E2 0 3/2+

2076.01122 7/2+ 1635.963 100.0014 M1+E2 439.990 5/2+
2076.75 8.9314 E2(+M3) 0 3/2+

2390.73213 1/2+ 1950.65221 52.18 E2 439.99( 5/2+
2390.59918 100.06 0 3/2+

2639.8%4 1/2- 2639.7(® 100 0 3/2+

2703.50@5 9/2+ 627.48 54.49 M1+E2 2076.011 7/2+
2263.393 100.09 E2(+M3) 439.990 5/2+

2982.06019 3/2+ 591.324 0.5117 2390.732 1/2+
2541.924 70.13 M1+E2 439.990 5/2+
2981.8%4 100.03 M1(+E2) 0 3/2+

3677.604 3/2- 695.53 0.6413 2982.060 3/2+
1037.719 24.76 M1+E2 2639.85 1/2-
1286.838 1.6513 2390.732 1/2+
3237.368 100.08 E1(+M2) 439.990 5/2+
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PHYSICAL REVIEW C YOLUME 36, NUMBER 3 SEPTEMBER 1987

Proton resonances in **Mg from E, =12.7 to 15.7 MeV

J. R. Vanhoy, E. G. Bilpuch, and C. R. Westerfeldt
Duke University, Durham, North Carolina 27706
and Triangle Universities Nuclear Laboratory, Duke Staticn, Durham, North Carolina 27706

G. E. Mitchell
North Carolina State University, Raleigh, North Caroling 27695
and Triangle Universities Nuclear Laboratory, Duke Station, Durham, North Carolinag 27706
(Received 11 May 1987)

The *Maip,pal, (popidy (pues), and (p,e) differential cross sections were measured in the energy
range E,=1.08-4.15 MeV with an overall resolution of 400 eV full width at half maximum. Res-
onance parameters were obtained for 94 levels with a multilevel, multichannel R-matrix code; pa-
rameters include resonance energy, total angular momentum, proton and alpha partial widths, and
channel spin and orbital angular momentum mixing ratios. The observed proton and alpha reso-
nance widths provide an upper limit for '*C + '*C reaction rates for an energy region where there
are no direct measurements.,
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Contribution of the direct process
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Comparison of theory and experiment
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Comparison of theory and experiment

Ccross-section, mb
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The evaluated cross-section and corresponding thick
target yield for 23Na(p,p,y)**Na

Total cross-section, mb

300 1 1 1 . L . L . 9.0E6
23 23
Na(p,p,y)*Na

250 4 - 7.5E6
E =440 keV —
¥ @)
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]
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{ >
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0 v T T T T T T T T 0
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Energy, MeV
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Thick target yield for E =440 keV gammas from

Yield, Ngamma/(sr-uC)

23Na(p,p 1Y)*>Na reaction

6000000 , ' , ' , ' , ' ,
23 23 —
Na(p,p,y)°Na E =440 keV
5000000 |- -
Bodart et al.
Mateus et al.
3000000 | -
2000000 |- -
1000000 | -
: | : | : | : |
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Energy, MeV
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Muclear Physics A363 (1981) 233-241
© North-Holland Publishing Company

CROSS-SECTION MEASUREMENTS
AND THERMONUCLEAR REACTION RATES
FOR **Cr(p, y)**Mn AND **Fe(p, y)**Co !

5 K. KENNMNETT, L. W. MITCHELL, M. R. ANDERSON and I, G. SARGOOD
Sedero! af Pﬁ_g'.'.'.:'f,j, LUlewersiry af AMolbawrne, Parkville, Victorig 3052, Ausiralia

Cross Secton |barns)
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Evaluated cross-section for proton elastic
scattering from >2Cr

E+2 Cr-52{pp) Theta = 165

3.6808

2,48 |
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Evaluation of the cross-section for the
°2Cr(p,Yy)>2Mn reaction

09 ' I ' I ' I ' I ' I
08l = Kennettetal, EXFOR D0682 , .
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Gamma Ray Yield: Theory vs Experiment
[G. Demortier, “Prompt gamma ray yield from proton

Yield, Ngamma/(sr-uC)

bombardment of transition elements”,
J. Radional. Chem. 45 (1978) 459]
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SigmacCalc 2.0

http://www.surreyibc.ac.uk/sigmacalc/

Eg Cpera. I ® SigmaCalc 2.0

« > D A K-|[® web | wwwesurreyibe.ac Lk /sigmacals/

« A n

|4,

i
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i'.l ~ Search with Google

« SigmaCal

Tlus caleulator provides evaluated (recommended) differential cross sections for Ton Beam Analysis
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Presentation of PIGE data in different units

% SigmaCals 2.0
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Differential cross-section
kY Rt A ionbe. . BEg "_”_IE‘
&> D #& *-|&® web wy ionbeamcentre o Lk /cgi-bin/sc/drawd ¢ * | | B & @ L | &8~ Search with Goodle !
M~
E+1 23Nalp.pel1-0)23Na =
&
1.88 Py ¢
&
E o 3 @ &
&
§ 1.99 ¢ — % -
o
E wé %-o " o9
g L.28 [ & % b
: * "et [ o T V@
» 8.98 ° M‘D%G @ o J tm ™
ﬁ % @ @ ® ®® ¢ﬁ
E i @ " @ a® q;@ i o
©
O .60 | w‘w‘: o g a'3§° 4
o § &
® a® W
8.30 i% ® m® 00
o ¢
&
0.08
2268 2868 3460 4800 46808 52608
Energy, keV
Theta=135.00 A. Caciolli et al., Nucl. Instr. and Meth. B 266 (2008) 1392
election =
w
D & 3 6 i .'

102



Total cross-section
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The contradiction between evaluated data In
IBANDL and SigmaCalc
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Development and Web Programming Alexander Gurbich The data obtained with SigmaCale may not be distributed
This service is hosted by Surrey University lon Beam Cenire.
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Conclusions

IBANDL is a main source of the cross section data for IBA
There are a lot of discrepancies in the compiled data

The evaluation of the IBA cross sections provides the most
reliable data

New measurements and benchmarks are under way to
resolve the problems

Some of the most wanted cross sections have been
evaluated and the work on evaluation is in progress
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