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SUMMARY

The present chapter has been formulated with the aim of making
it useful in various fields of nuclear applications with emphasis on
charged particle activation analysis.

Activation analysis of light elements using charged particles
has proved to be an important tool in solving various problems in
analytical chemistry, e g those associated with metal surfaces. Scien-
tists desiring to evaluate the distribution of light elements in the sur-
face of various matrices using charged particle reactions require ac-
curate data on cross sections in the MeV-region.

A knowledge of cross section data and yield-functions is of great
interest in many applied fields involving work with charged particles,
such as radiological protection and health physics, material rescarch,
semiconductor material investigations and corrosion chemistry. The
authors therefore decided to collect a limited number of data which
find use in these fields. Although the compilation is far from being
complete, it is expected to be of assistance in devising measurements
of charged particle reactions in Van de Graaff or other low energy ac-

celerators.

b4 . . . . .
) To be included in a handbook of cross section data for activation

analysis purposes published by I. A, E A,
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INTRODUCTION

Nuclear reaclions with charged particles are, as is well-known,
hindered by the repulsive Coulomb interaction with the nucleus. Thus
charged particle reactions with acceptable yields occur only where
low- or medium-weight nuclei are involved. Elements heavier than
Z > 12 have therefore been omitted from this compilation. The central
problem in activation analysis is the identification of a given nuclide,
and a quantitative determination of its concentration in a more or less
complex matrix. In this connection it is necessary to search for spe-
cial reactions which exclude competitive processes. This can be
done, for example, by using selected bombarding energies which
lead to as few competitive reactions as possible: Use is thus made
of resonances in the excitation function in order to obtain a dominant
yield from the selected nuclide, or of coincidence measurements with
reactions products. Consequently, inclusion has been made of diffe-
rential cross sections wherever they are available as well as integral
curves, Furthermore, the compilation contains various yield curves,

In some cases the emerging particle is specified with an index i,
This denotes whether the light product is produced in the ground state
(o) or in the i:th excited state of the product nucleus. The excited
states and the corresponding gamma ray energies can be obtained for

instance in:

Nuclear Data Sheets, National Academy of Science, National

Research Council, Washington D C, 1962

Where the values for angular distribution are related to the centre-
of-mass-system this is denoted by the index c.m. for the units of
the cross section in the figures. Otherwise the figures show values
in the laboratory system.

The authors suggest that a diagram showing the shape of cross
sections or excitation functions provides a more rapid and useful
source of information than do data from tables. For this reason
only diagrams of absolute, normalized experimental values have been
presented, even in those instances where tables were provided by the
experimentalists. Unified symbols and units (see conventions and
symbols) have been used, abbreviated references and comments have
been included on the same page as the figures. The absolute errors
as determined by the experimentalists are shown in the diagrams.

A reference list will be found at the end of this compilation



arranged in P (number) for proton, D (number) for deuteron, A (number)
for alpha and H (number) for 3He—particle-induced reactions.

In some cases we found several publications concerned with
the same reaction, Where the cross section was measured in diffe-
rent energy regions an attempt was made to fit and normalize the
different results to a mean value at the point of intersection, Where
identical information was presented by several authors the choice was
restricted to th'at of the most recent origin,

In most cases the cross sections collected for this compilation will
be found up to 20 MeV, In order to optimize irradiation conditions
it may be necessary to know whether the cross section increases at
higher energies or whether the resonance for the reaction concerned
is already exceeded at low bombarding energies. Unfortunately there
are only very few measurements for reactions induced by charged par-
ticles at higher energies. Therefore a request was addressed to
H Munzel at Kernforschungszentrum Karlsruhe to include the syste-
matic study made by him and his coworker on calculated and experi-
mental cross-sections for charged particle induced reactions at higher
energics. The original work is to be found in KFK 767, May 1968
(I Lange, H Milnzel), A condensed part of this work is given in Appen-
dix I. A more comprehensive compilation of this kind will be published
in Liandolt-Bernstein Vol III in the near future.

(p,y) reactions exhibit several resonances in the MeV region.
These resonances are of special interest in charged particle activa-
tion analysis., For calibration purposes and depth distribution studies
of light elements in heavy matrices use can favourably be made of
these sharp resonances. In most of the cases the shape of the reson-
ances is not so important as the characteristic data like position (re-
sonance energy in keV), resonance width (FWHM in keV) and height
(cross section in mb). Therefore a request was addressed to I W Butler,
U S Naval Research Laboratory, Washington D C, to include the sys-
tematic collection made by him on (p,y) resonances (see Appendix II),
The original report will be fcund in NRL-5282 from April 1959.

The cross section given is the total cross section in millibarns
at the resonance peak. Where more than one primary gamma ray is
emitted. the tabulated value of the cross section is.the sum of all such

individual primary gamma-ray cross sections. For those resonances



which are too narrow for such cross section measurements, the inte-
grated cross section, fch, has been tabulated where this measure-
ment has been made. In these instances, the abbreviation Yevb'" for
telectron-volt barn'" has been inserted in the cross-section column,
As far as the gamma energies are concerned only the most
predominant have been compiled here. A question mark means doubt

about the number,

In Appendix III, finally, a collection of references concerning
various data about charged particle induced reactions is given.

The authors wish to express their gratitude to the various con-
tributors to this compilation, especially to Dr McGowan of the Data

Centre at Oak Ridge, Tennesseec,

CONVENTIONS AND SYMBOLS

o total cross section

o} excitation function

dg”c s

O angular distribution

%%(00) diff cross section for 0°

c.m. Centre-of-Mass system

6 lab angle of measurement in angular distributions
E energy in lab system

P subscripts refer to proton

d subscripts refer to deuteron

3He subscripts refer to helium-3

o subscripts refer to alpha particle
gr.st. ground state

exc. st. excited state

(prp') inelastic proton scattering



PROTON

Cross sections
and ang distr

Reaction Energy Page

range (MeV)

"Li(p,n) ' Be

a(0°) 3-13 {1
"Li(p, «) *He 5(90°, 120°) 0.5-2.3 12
"Be(p,v)°B o 1-3.5 12
9Be(p,a)6Li %% 6-8 {3
IBe(p, d)®Be 511 3
108e(p,y) 1B o(0°, 90°) 0-6 16
Opp,vitlc (90 3-17 16
“B(p,y)izc o, %8(900) 1-14 17
Loy 6 0-2.2 19
Belp,mN  or of5°, 40°) 3-14 19
14N(PvY)150 o(90°) 2-19 21
15N(P.n)iso o3 of5°, 40°) 4-14 22
8o(p, p) %0 o(0°) 3.2-5.4 23
Bop.a)”’N o0 3,2-5,4 24
9% (p, ) %0 o} %% 4-12 24

o(70°, 165°); -g-g 9-12 25
1()F(P.Cl’y)léo relative yield 0-5.6 29



dq

DEUTERON
Reaction Cross seclions Energy Page
and ang distr range (MeV)
‘Be(a,y)' B o 0.5-3.5 30
0p4,n e o3 o(6); ;‘i—g 3-9 31
o 5-12 33
Hpg,n)t%c 509 0.6-3 33
Ugig,2n)llc & 8-18 34
L2cq,p13c  ofe) 5-10 35
a(30°) 1-9 39
12 13
C(d,n) "N o 1-4,5, 1-12; 4-19 39
do
dn 7-12 41
264,10  o0) 5-10 42
'14N(d,p)15N o 1.0-3.5 44
14N(d,n)150 oy o(8); -g% 1-5,5 44
Boa.m’r o of0) 2.5-4.5 47
16
o(d,a) 4N g{? o(6) 4-5.3; 3-15 49
ofe) 3-5: 9-15 52
dg 5.7-11 54
20 21 dQ o o
Ne(d.p)“"Ne o{30°, 150°) 0.8-2.6 56
do 1.4-2.4 57



ALPHA
Reaction Cross section Energy Page
and ang distr range (MeV)
OLita g—% 10; 12.5 60
"Li(e, n) 0B o3 o{0°) 4-8 61
do 4,8-7.8 62
9 12 dQ o
Be(w,n)” “C s ol0") 1,6-6.4 63
do o}
an (0 ) 0.34-0.7 64
o 3.2-6.4 65
9 11 dQ
Be(o, 2n) "C o 24-38 69
13 16
Clg,n)” O o 2-5,3 69
16 19
O(a,n)” 'Ne c 6-17.5 70
2ONe(a,n)?3Mg o 11-28 70



HELIUM 3
Reaction Cross-section Energy Page
and ang distr range (MeV)
HCHe,n) L1 9% of0°, 409 1-4 71
"Li(’He, ) 'Be  o(30°) 2-4 72
do 3; 3.5; 4 72
7. .3 6. . df o ’
Li("He,a) Li o(40") 2-4 73
9Bc(?;He,n)“C c 3-10 73
9Be(’He,)?B  o(40°) 2,5-4 73
do 3-3.8 74
10, ,3 12 940 o
Be( He, p)*C o(90°, 150°) 11-18 75
105 ¢(31e,a)  ic o(150°) 11-19 75
105e031e,4)"B  ofs) 2-19 76
o(8) 9-19 77
ioBe(:‘}He,n)izN o 1-7 78
0503He,0)%B  of9) 2-10 78
<o 3.4-9.8 79
26(%He, p 1N ;o 3-11 g1t
12¢(3te, ) 13N o 6-10 101
2cPme, ) 3Ny 6-30
+12C(3He,pn)13N ex - 101
Y2c3He,)tlc & 1-6 102
126(3He,n) %0 o 1.6-6; 1.6-11 102
o) 2-32 10
145(3He, p) %0 e 3-12 1oi
14‘N(3He,af)1 N o 4-10 104
16O(3He, )18F o) 2-9 108
180(3te,0) %0 o 2-9 108
993He,0)18F o 3-9 109
19I5“(3I-Ie,a/n)17F o 3-9 109

# g =172°
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YIELD CURVES

Reaction Energy range (MeV) Page
9Be(3He,n)11C 6-18 110
10,3 {3

1113( ?C'Y) o 6-18 110
+" "B("He,n) "N
8(°te, @)t oy 6-18 110
HAle3ue, nlic
YNue, 9) L% 6-18 111
HNCGHe, o) PN 6-18 111
23Na(3He, 2p)**Na 9-18 111
a) "Be(3He,n)!lC . 0-18 112
10 3ue, ) e+l PHe, nlic 0-18
126 31e, o) Hc 0-18
b) HB(3He, n) 13N 0-18
12603ue, a)13n 0-18
YN CHe, o) 13N 0-18
a) MN(He, 91%0 0-18 113
180 (3He, o)1 %0 0-18
) 19F(3He,czn)17F 0-18
¢) 1% (3He, p)18F 0-18
19 e, o) 18F 0-18
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indicates data from: KNUDSON;
YOUNG.

Nucl Phys A 149, 323 (1970)

The plotted cross—section must
be multiplied by the number in
brackets to obtain the true
cross—section.



G(mb)

- 108 -

160 (3 He,p )iI%F
1000 = T T T T3
“F Mg :
200 - ' .
100 —
L B
50 | -
~ 1 [ T T T -
0 2 6 8 10 12
Eay,, (MeV)
Ref H3 He
16 0(3He, )50
200 |- B LN
100 | —
N :L
a 50 -]
Ef ~
(o) B -
20 -
10 l 1 l i l | J 1 |
0 2 4 6 8 10 12
E3He (MEV)

Ref H3



- 109 -

19F(3Hce,<>t )8

| l ~ 1 T 1 7 ] | E—
20""" ey
3 . :Ii"
£
o 10j— —
- -
o] cad
w1 1 ¢ 1 b g n
0 2 4 6 8 10 12
E3He(MeV )
Ref H3
®F(3He,an)’F
100~ T —T
" ]
. :
50} —
oo -
3 20} .
E
° ol —
50 _
i 1 1 L1
0 2 12




- 110 -

£ . Be(*He,ni''c
E W T T T T T TS
o - [ T .
, T 5_ I/I -
@ I~ .
T B I/
a I/ .
S St be b b
0 1 {
g YT 8 0 iz 1% 16 18
g E,. (MeV)
He
Ref Y1
wB(3He,y)13N+“8(3He,n)13N
£ 2 | L AL DL L L
£
~ -5
NS 4
L— -—
Z 51 /I—’I .
5L ! l '
° i
< 2+ i/:{ .1
g I/
wogSlat o b oy o
> 6§ 8 10 12 1 16 18
Es, (MeV)
H
Ref Y2 €
"8(%He,d)"'c+ "B (*He,t1 e
c CTTTTT T T TUIT
£ - 4
o -
S -4 /[
m:g E I/! E
e 54 I/ -
o B / n
£ £ N
g 7 1
g /
w 165:‘ -
> SR T I T T D T
& 8 10 12 14 1 18
Esp,, (MeV)



- 111 <

1
“n(Re,d) 0
21 | R L LA L L !]‘
-4
10— / -
£ » AL ]
= 5:. I/I ..j
« °r R
s T d ]
c
2 oL I/ -
@
mI -5 /
T :
£ sC / N
o] - F * -~
o |- ..
i
> 2 .
165 | WS DN T U T T N N U SO
6 8 10 12 A 16 18
EaHe { MeV)
Ref Y4
“n (PHe, %) PN
£ 5 T T ! | T T
z n I T { T T LR
5 f 7
e 2+ I/ -
[ o
2 -5 /
® 10 |- I 1 -
- -~ p
“';f - / I/I 3
@ - I/ N
o 5 P ~
e E 1 ]
[<% L. '{ -
o
S zf .
w
EY N NI NN D I B B T B
6 8 10 12 14 16 18
E {MeV)
3
Ref Y5 He
BNa 3He,Zp) Na
5 LI R AL L DL R
r ' -l
2’_' ¥’
-5 /3/
10 v

I I‘IanIll
N\
1 lJ_lllll

o N
I
1

 HN N Y TN NN WA NN SO A S N O |
6 8 10 12 14 16 18

Ref Y6 EaHe {MeV)




(@]

rittrrr 1+ rtttiPr ittt b
- 2¢(3He, a)''C .
2+ -
10° |-
-
5._
a
£
_ 2
b
10 - 9Be(z’He,n)“C —
N ' i
5 b -
= —
1,3 13
B(“He,n)'"°N
2~b\ d%e }Eo -
CI1 g
1lll||llllllilLllllllL
0 4 8 {2 {6 20
E3He (MeV)

Ref Y7

- 112 -




o {mb)

{0

- 113 -

N
.
_+
-
_ c g
: q i
cd
_b_ 7/ }E .
a. Y ¢ I °©
W(
|
.l.,_!lJL!IILllIJIII
0 4 8 12 16 2
E3He {MeV)



Proton

Pi

P2

P3

P4

P5

Pb6

P7

Pg

P9

P10

P11

P12

P13

P14

Deuteron

Di

D2

D3

- 114 -

REFERENCE LIST

R R BORCHERS and C H POPPE
Phys Rev 129 (1963) p 2679.

W E SWEENY and 7 B MARION
Phys Rev 182 (1969) p 1007.

F 7 VAUGHN et al
Phys Rev 2 (1970) p 1657.

HRBLIEDEN, GM TEMMER and X L. WARSH
Nucl Phys 49 (1963) p 209.

D R GOOSMAN, E G ADELBERGER and K A SNOVE]
Phys Rev 1 (1970} p 123.

H M KUAN et al
Nucl Phys A151 (1970) p 129.

R G ALLAS et al
Nucl Phys 58 (1964) p 122.

N JARMIE and J D SEAGRAVE
LA-2014 (1957).

C WONG et al
Phys Rev 123 (1961) p 598.

P DAGLEY, W HAEBERLI and J X SALADIN
Nucl Phys 24 (1961) p 353.

G BERGDOLT and G GUILLAUME
7 Phys 30 (1969) p 145.

KL WARSH, GM TEMMER and H R BLIEDEN
Phys Rev 131 (1963) p 1690.

HB WILLARD et al
Phys Rev 85 (1952) p 849.

C Y CHAQO et al
Phys Rev 79 (1950) p 108.

K BATTLESON and D K McDANIELS
Phys Rev 4 (1971) p 1601.

G U DIN, M A NAGARATAN and R POLLARD
Nucl Phys A93 (1967) p 190.

O D BRILL and L. V SUMIN
At Energ 7 (1959) p 377.



- 115 -

D4 H CORDS, G U DIN and B A ROBSON
Nucl Phys A127 (1969) p 95.

D5 J R DAVIS and G U DIN
Nucl Phys A179 (1972) p 101.

D6 R 7 JASZCZAK, R L MACKLIN and 7 H GIBBONS
Phys Rev 181 {1969) p 1428,

D7 V G PORTO et al
Nucl Phys A136 (1969) p 385.

D8 T RETZ-SCHMIDT and J L WEIL
Phys Rev 119 (1960) p 1079.

D9 R M BAHNSEN, W R WYLIE and H W LEFEVRE
Phys Rev 2 (1970) p 859.

D10 S T THORNTON et al
Phys Rev 3 (1971) p 1065.

Dit J JOBST, S MESSELT and H T RICHARDS
Phys Rev 178 (1969) p 1663,

D12 M N H COMSAN
Atomkernenergie 18 (1971) p 317,

Alpha

Al HR BLIEDEN, GM TEMMER and K L. WARSH
Nucl Phys 49 (1963) p 2009.

A2 L VAN DER ZWAN and K W GEIGER
Nucl Phys A180 {(1972) p 615.

A3 A W OBST, T B GRANDY and J L. WEIL
Phys Rev C 5 (1972) p 738.

A4 T RETZ-SCHMIDT et al
Bull Am Phys Soc 5 (1960) p 110

A5 C N DAVIDS
Nucl Phys A110 (1968) p 619,

Ab O D BRILL and L V SUMIN
At Energi 7 (1959) p 377.

A7 K K SEKHARAN et al
Phys Rev 156 (1967) p 1187.

A8 W GRUHLE, W SCHMIDT and W BURGMER
Nucl Phys A186 (1972) p 257.

Helium

Hi J T KLOPCIC and S E DARDEN

Phys Rev C 3 (1971) p 2171.



- 116 -

H2 H ORIHARA et al
Nucl Phys A139 (1969) p 226.

H3 R L HAHN and ¥ RICCI
Phys Rev 146 (1966) p 650.

H4 R A I BELL et al
ANU-P/550 (1972),

H5 R W PETERSON and N W GLASS
Phys Rev 130 (1963) p 292.

H6 J R PATTERSON, T M POATE and E W TITTERTON
Proc Phys Soc 85 (1965) p 1085.

H7 F HAAS et al
Phys Rev 188 (1969) p 1625.

H8 ] SINGH
Nucl Phys A155 (1970) p 443.

H9g S D CIRILOV, J O NEWTON and J P SCHAPIRA
Nucl Phys 77 (1966) p 472.

H10 D R OSGOOD, J R PATTERSON and E W TITTERTON
Nucl Phys 60 (1964) p 503.

Hil P GUAZZONI, S MICHELETTI and M PIGNANELLI
Phys Rev C 4 (1971) p 1086.

Hi2 A R KNUDSON and R C YOUNG
Nucl Phys A149 (1970) p 323.

Yield curves

Yi-6 R L. HAHN and E RICCI
Nucl Phys, A101 (1967) p 353,

Y7-8 E RICCI and R L, HAHN
Anal Chem 40 (1968) p 54.



APPENDIX I

Characteristic data for excitation functions of charged particle

induced reactions at higher energies.

Systematics

Table of the characteristic data for the exictation functions

Position of the maxima for the excitation functions dependent
on the atomic numbers Z of the target nucleus

Full width at half maximum for the excitation functions
dependent on the atomic number Z of the target nucleus

Heights of maxirma for the excitation functions dependent
on the atomic number Z of the target nucleus

Characteristic data of the excitation functions dependent
on the atomic number Z of the target nucleus

Calculated and experimental excitation functions

Yield from thick targets

Al-1

AI-10

Al-11

Al-12

Al-13
Al-14
Al-22






Al-1

TABLE OF THE CHARACTERISTIC DATA FOR
THE EXCITATION FUNCTIONS

The five columns below list the following paramecters:

i, No of excitlation function in fig Al-14 to AI-21

2, Target nucleus, atomic number, chem symbol, mass numbecer

3. Q-value of the reaction (MeV)

4, Position of the maximum with respect to the energy scale J24Q (M V)

5. Height of the maximum (mb)

No Target Q- Position of Height of
nucleus value maximum maximum

(o, n)

1 21 Sc-45 -2.2 12.7 630

2a 25 Mn-55 -3.5 8.7 680

2b 25 Mn-55 -3.5 10.9 520

3 26 Fe-54 -5.8 10.5 190

4 27 Co-59 -5.1 - -

5 28 Ni-60 -7.9 11,1 550

6 Ni-62 -6.5 9.7 950

7 29 Cu-63 -7.5 8.9 700

8a Cu-65 -5, 8 - -

8b Cu-65 -5.8 11.8 820

9a 30 Zn-64 -9.2 10.9 770

9b 30 Zn-64 -9.2 10.2 320

10 Zn-68 -5, 7 - -

11 37 Rb-85 -3.5 12.0 250

12 Rb-87 -3.8 10.0 240

13a 41 Nb-93 -7.0 9.4 470

13b 41 Nb-93 -7.0 - -

14 42 Mo-92 -8,4 11,6 © 370

15 Mo-100 -4, 6 9.6 760

16a 47 Ag-107 -7.6 9.2 420

16b 47 Ag-107 -7.6 10.8 340

17 Ag-109 -6.4 10.0 360

18 48 Cd-106 -10.1 10.9 670



Al-2

No Target Q- Position of Height of
nucleus value maximum maximum
(o, n)
19 49 In-115 -7.2 12.1 300
20 50 Sn-~112 -13.0 6.4 550
21 Sn-114 -11.1 7.0 290
22 Sn-124 -5.6 13.4 160
23a 56 Ba-138 -8.6 7.4 130
23b 56 Ba-138 -8.6 17.2 900
24a 57 La-139 -9.2 9.1 115
24b 57 La-139 -9.2 8.4 110
24c 57 La-139 -9.2 8.3 110
252 67 Ho-165 -9.2 11. 8 79
25b 67 Ho-165 -9.2 8.8 30
26 68 Er-164 -11.1 6.9 260
27 79 Au-197 -9.8 - -
28 82 Pb-207 -12.1 10.3 i10
29 Pb-208 -15.0 6.4 90
30 92 U-235 -10.9 - -
31 94 Pu-238 -13.1 - -
(e, 2n)
1 21 Sc-45 -12.8 13.3 200
2a 25 Mn-55 -12.1 - 640
Zb 25 Mn-55 -1z2.1 - 670
3 26 Fe-54 -16.0 16,3 10
27 Co-59 -14.0 14.4 390
5 28 Ni-60 -17.1 14.9 180
6 29 Cu-63 -16. 6 14.4 260
Ta Cu-65 -14.1 13.4 650
7b Cu-65 -14. 14 - 1000
30 Zn-64 -19.0 13.5 86
32 Ge-70 -16. 1 16.9 320
10 35 Br-79 -14.4 - 2300
i1 37 Rb-85 -12.7 12.3 810
12 47 Ag-107 -15.6 11.4 1000



AI-3

No Target Q- Position of Height of
nucleus value maximum maximum
(o, 2n)
13 Ag-109 -14.3 10.2 1050
14 48 Cd-106 -19.2 12,3 430
15 52 Te-130 -11,8 13.7 66
16 67 Ho-165 -16.2 7.3 750
17 68 Er-164 -18.0 11.0 820
18a 79 Au-197 -16.4 12.6 640
18b 79 Au-197 -16. 4 13,6 800
18c 79 Au-197 -16. 4 12,4 650
19 82 Pb-206 -20.0 11.0 1050
20 Pb-208 -19.5 10.5 1000
21a 83 Bi-209 -20. 3 9.9 900
21b 83 Bi-209 -20.3 10.5 910
22 92 U-233 -19.1 8.9 6.5
23 U-235 -17.9 8.3 1é6
24 93 Np-237 -18.3 9.7 16
25 94 Pu-238 -17.8 8.2 15.5
26 Pu-239 -18.2 10.8 13
27 Pu-242 -17.2 7.8 10,5
28 88 Cf-252 -18, 2 10.4 9.5
(@, 3n)
1 25 Mn-55 -23.5 - -
2 26 Fe-56 -26.3 17.3 16
3 30 Zn-64 -31.5 - -
4 37 Rb-85 -24.7 15.1 600
5 47 Ag-107 -26.1 13,1 550
ba Ag-109 -24.1 11.9 1000
6b Ag-109 -24.1 13,9 950
7 49 In-115 -24.4 - -
8 50 Sn-124 -21.0 15,0 1400
9 57 L.a~-139 -24.5 11.7 1400
10 67 Ho-165 ~24.7 i0.1 840
11 68 Er-164 -27.5 12,9 1180



Al-

No Target Q- Position of Height of
nucleus value mazimum maximum
(&, 3n)
12a 79 Au-197 -25, 4 13,6 1100
12b 79 Au-197 -25.4 12.8 1400
13 82 Pb-206 -28.5 - -
14 Pb-207 -26,8 12 8 1400
15 83 Bi-209 -28.0 - -
16 83 Bi-209 -28.0 11.5 1200
17 92 U-233 -25,3 9.1 i
18 U-235 -23.8 9.8 8
19 93 Np-237 ~-25,4 13.4 14
20 94 Pu-239 -23,8 13.2 4.5
21 98 Cf-252 -25,0 12,4 3.3
(o, p)
1 26 Fe-54 -1.8 16,2 600
2 28 Ni-58 -3.1 - -
3 30 Zn-64 -4, 0 15.0 520
4 42 Mo-92 -5.6 14.4 185
5 48 Cd4d-106 -5.6 17.3 245
6 50 Sn-~-124 -6.4 23,0 18
(o, pn)
ia 26 Fe-54 -13.2 14.8 750
ib 26 Fe-54 -13,2 14, 6 470
2a Fe-56 -13,7 13.7 840
2b Fe-56 -13.7 14,7 790
2c Fe-56 -13.7 16.3 630
28 Ni-60 -14,6 16.4 890
Ni-62 -14,3 17.2 495
5 29 Cu-63 -12.6 17.4 870
ba 30 Zn-64 -16.0 - -
6b 30 Zn-64 -16.0 16. 6 790
Zn-66 -15.5 - -
Zn-T70 -13.9 17.1 88
32 Ge-T0 -15,3 15.7 575



AI-5

No Target Q- Position of Height of
nucleus value masximum maximi .o
(o, pn)
10 47 Ag-107 -13,6 17. 4 91
11 48 C4-106 -16,7 18. 6 225
12 50 Sn-124 -14,.8 24, 2 46
13 57 La-139 -15.6 - ~
14 94 Pu-238 -18.3 20.7 15
(d, n)
i 22 Ti-47 . 12,4 200
2 24 Cr-50 8.3 265
3 26 Fe-54 i0.5 155
4 30 Zn-66 11,4 450
5 32 Ge-70 10. 4 270
ba 40 Zr-94 . 13.8 120
6b 40 Zr-94 . 12.3 130
7a Zr-96 12.7 85
7b Zr-96 13.0 85
8 42 Mo-92 10.9 190
9 52 Te-130 16,2 75
10a 58 Ce-142 - -
10b 58 Ce-142 15.9 60
iia 83 Bi-209 20,8 34
t1b 83 Bi-209 . - 32
i2 92 U-235 22.2 io
i3 94 Pu-239 24,2 14
(d, 2n)
1 22 Ti-47 -5.9 9.5 400
2 Ti-48 -7.0 10.0 38
3a 24 Cr-52 7.7 - -
3b 24 Cr-52 -7.7 14.3 200
26 Fe-56 -7.6 i0.0 310
5 29 Cu-63 -6.4 - -
6a Cu-65 -4, 4 . 11.3 920
6b Cu-65 -4.4 9.6 820
Ta 30 Zn-66 -8.2 - -



Al-6

No Target Q- Position of Height of
nucleus value maximum maximum

(d, 2n)

7b 30 Zn-66 -8.2 - -

8 Zn-68 -5.9 - -

9 32 Ge-70 -9, 2 - -

10 34 Se-82 -3.1 - -

iia 40 Zr-96 --2.8 - -

i1b 40 Zr-96 -2.8 8.2 1050

12 52 Te-126 -5.2 7.3 750

13 Te-128 -4,3 9.0 800

42 Te-130 -3, 4 8.8 700

14b Te-130 -3.4 8.5 750

15 53 J-127 -3.7 10.9 700

16 55 Cs-133 -3.5 10.3 600

17a 58 Ce-142 -3.8 - -

17b 58 Ce~142 -3.8 750

18 73 Ta-181 -3.2 . 660

i9 74 W-184 -4,17 - -

20 W-186 -3.6 9.2 380

21 79 Au-197 -3.8 10.8 600

22 83 Bi-209 -4.9 9.9 540

23 92 U-234 -4.8 9.2 32

24a U-235 -3.1 8 6 19

24b U-235 -3.1 10.8 25

25 U-236 -3.9 8.4 43

26a U-238 -3.1 8.9 48

26b U-238 -3.1 10.5 70

27 94 Pu-239 -3.8 10.6 28

(a, 3n)

1 40 Zr-96 -10.0 - -

2 53J-127 -10.9 - -

3 59 Pr-141 -12,7 12.9 1200

4a 83 Bi-209 -11.,9 - -

4b 83 Bi-209 -11.9 - -

5 92 U-234 -10.9 7.9 19



AI-T

No Target Q- Position of Height of
nucleus value maximum maximumnm
(d, 3n) .
62 92 U-235 -10.1 10.1 26
6b 92 U-235 -10.1 8.9 24
U-236 -9, 6 9.4 57
94 Pu-239 -10.9 - -
(d, p)
i 27 Co-59 5.3 13.1 300
2 29 Cu-63 5.7 14.7 275
3 30 Zn-68 4,3 12.5 450
4 32 Ge-70 5.2 13,4 450
5 33 As-75 5.1 13.6 250
6 35 Br-81 5.4 13.9 370
7 39 Y-89 4,6 13. 6 205
8 40 Zr-94 4,2 13.4 280
9a Zr-96 3.4 12,8 220
9b Zr-96 3.4 12.6 300
10 45 Rh-103 4.8 14.5 200
11 46 Pd-110 3.5 12.8 285
12 48 Ca-114 3.9 13.3 | 265
i3 52 Te-130 3.7 13.5 200
14 55 Cs-133 3.9 13.5 175
15a 58 Ce-142 2.9 - -
15b 58 Ce-142 2.9 i2.9 230
16 59 Pr-141 3.6 15.8 260
17 73 Ta-181 3.8 15.8 230
18 74 W-184 3.5 15.8 280
19 W-186 3.3 15.7 310
20 75 Re-187 3.0 17.0 210
21 78 Pt-196 3.1 - -
223 79 Au-197 4.3 18.8 280
22b 79 Au-197 4.3 19.3 160
23 82 Pb-208 1.7 15.1 205
24 83 Bi-209 2.4 15,4 i15
25 Bi-209 2.4 15. 6 i10
26 92 U-238 2.6 18. 6 220



AI-8

No Target Q- Position of Height of
nucleus value maximum maximum

(p, n)

1 22 Ti-47 -3.7 6. 300

2 Ti-48 -4.8 510

3a 23 V-51 -1.5 - -

3b 23 V-51 -1.5 11.5 700

4a 24 Cr-52 -5.5 7.1 600

4b 24 Cr-52 -5.5 - -

5 25 Mn-55 -1.0 - -

6 26 Fe-56 -5.4 6.6 450

7 Fe-57 -1.6 7.4 400

8 27 Co-59 -1.9 8.1 500

9 28 Ni-61 -3.0 6.6 700

10 Ni-62 -4.17 - -

11 Ni-64 -2.5 7.9 850

12 29 Cu-63 -4, 2 8.2 500

13 Cu-65 -2.1 - -

14 31 Ga-69 -2.2 - -

15 39 Y-89 -3,6 9.4 730

16 47 Ag-107 -2.2 - -

17 Ag-109 -1.0 360

18 48 Cd-110 -4, 7 870

19a Cd-111 -1.9 11, 530

19b Cd-1114 -1.9 - -

20 Cd-112 -3.4 - -

21 Cd-114 -2.2 - -

22 50 Sn-124 -1.4 - -

23 57 La-139 -1.1 - -

24 58 Ce-142 -1.6 7,4 120

25 59 Pr-141 -2.6 - -

26a 73 Ta-181 -1.0 100

26b 73 Ta-181 -1.0 9 100

26¢ 73 Ta-181 -1.0 9. 105

26d 73 Ta-181 -1.0 i2 100

27 79 Au-197 -1.6 9.2 95



AI-9

No Target Q- Position of ITeight of
nucleus value maximum maximeum

(p, 2n)

1 ?3 V-51 ~-10.8 4,2 210
2 27 Co-59 -10.9 - ~

3 28 Ni-62 -13,6 9.9 210
4 29 Cu-63 -13.3 i1.7 180
5 31 Ga-69 -11,6 7.4 500
6 39 Y-89 -12.8 13.2 1300
7 41 Nb-93 -9.3 - ~

8 47 Ag-107 10, 1 - -

9 48 Cd-110 -12.7 - -

10 Cd-111 -11.7 - -

11 Ca-112 -11.3 9.7 1050
i2a 73 Ta-181 -7.9 - -
i2b 73 Ta-181 -7.9 6.8 300
{132 79 Au-197 -8.2 - -
13b 79 Au-197 -8.2 - -

14 82 Pb-206 -11. 6 9.4 1050
(p, 3n)

1 23 V-51 -23.7 16.3 100
2 27 Co-59 -23,1 17.9 it
3 29 Cu-65 -22.0 16.0 160
4 3{ Ga-69 -23.8 13,2 65
5 Ga-71 -20.0 10.0 550
6 39 Y-89 -20.8 20, 2 390
7 48 Cd-112 -21.1 9.9 780
8 73 Ta-181 -15,.5 9.5 1200
9 82 Pb-206 -20.0 9.0 900
i0 83 Bi-209 -18.0 12.0 850
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APPENDIX II

(p,y)-resonances listed in respect to resonance cnergies {rom

163 keV to 3.0 MeV,

The different columﬁs show

The proton energy in keV

The (p,y)-reaction concerned

The energies of emi‘;ted gamma rays

The cross section in mb

FWHM of the resonance in keV

Half life and B-energy in B+-decay (from "Chart of the nuclides"
3rd edition 1968, Bonn),

O\:\ﬂvfkwl\)"






All-1q

Proton Gamma-ray Cross Half life anc
energy! Reaction energy section Width B+ energy
(keV) (MeV) (mb) (keV) (MeV)

163 Bilp ct? 16,11, 11.68, 4,43 0. 157 7

224 F19%p,oy)0'® | 7.12, 6.92, 6.13 >0. 2 {

226 Mg24(p, v)a1%% | 2.06, 1.56, 0.95 £2 7.2 8 3.3
226 A1%7(p, y)si°8

251 Na?3(p, y)Mg> 0.3

261 cldp, ynts

278 N4 p, yot® 6.82, 6.14, 1,47 1.6 | 2.03m 1.7
294 a1%7(p, y)5i28 <1

295 Mg%(p, yar??

308 Na®3(p, y)Mg?% | 10.6, 7.8, 6.7 0.8

317 Mg2(p,v)A12% | 6. 19, 4.86, 0. 82 12 6.4 5 3.2
326 a1 (p, 8128 | 7.6, 7.2, 6.2 <1

326 s5i*%p, v)P>° 5.88, 5.17 2.50 m; 3.2
330 Be(p,y)B 10 6.9, 6.2, 5.2 160

339 Mg?0(p,y)a1%7 | 7.74, 5.85, 5.6t

340 F19(p, ay)o? 7.12, 6,92, 6.13 | 160 3

355 | P Y(p,y)5%2

356 cl4(p, yNt3 10.5, 7.1, 5.4

360 Ni3(p, yyo 't 12,43, 6.37 0. 007 94

360 N, ay)ct? | 4,43 0.03 94

374 Na®3(p, y)Mg?* | 6.26 2

392 MgZ2(p,4)A120 | 6.26, 4,62, 3.52 4 8 6.45; 3.2
405 ar*(p,8i®® | 7.3, 5.1, 2.8

414 5i%9(p, v)P3° 5. 25, 0,70 2.5m3 3.2
a8 | Mg®¥p,)81%° | 2.70, 2.25, 0.89 7.2 85 3.3
429 N3(p,ay)ct? | 4.43 300

429 | NPp, 0010 | 646 0. 001 .

437 Mg?2(p, v)A12® | 6.72, 6.30, 4.66? 6.4 55 3.2
439 a1?7(p, y)si%®

440 p3(p,v)832 34

441 Li'(p, y)Be® 17,64, 14.74, 12.24 | 6 12




All-2

Proton Gamma-ray Cros_s ) Hflf life and
energy | Reaction energy section Width B encrgy
(keV) (MeV) (mb) (keV) (MeV)

444 Na?3(p, y)Mg?4 0.8

448 ci3(p, )Nt

454 Mg2(p, )a1%7 | 7.85, 7.68, 5.71

457 cl?p, i3 2. 36 0.127 39.5 | 9.96m; 1.2
473 I\./igzs(p,\()Al26 6.4 s; 3.2
484 10, ay)0!® | 7.12, 6.92, 6.13 | >32 0.9

496 MgZ2(p,y)A120 | 6.36, 4.24, 4.217 5 6.45; 3.2
500 5:°%(p, y)P>? 7.75, 6.48, 4,62

504 a1®T(p, 8% | 12,07 <0. 20

506 | A1%7(p,y)Si%® | 10.29 <0, 17

511 Na?3(p,y)Mg? | 10.8, 8.0, 6.9 0.8

513 Mg (p,y)AIZ6 3 6.4s; 3.2
530 MgZ5(p, y) A1 3 6.4 5; 3.2
532 cl4p, ynt® 10.7, 5.3

540 p31(p, y)53?

550  |ct3(p, N1t | 8,06, 4.11 1. 44 32. 5

580 Mg2%(p,v)A1%% | 6.857, 6.43, 4.28 6.4 5, 3.2
594 Na?3(p,)Mg®* | 10.9, 8.0, 7.0 2

594 53%(p, y)c1°3 2.86, 2.05, 0.806 2.53 s, 4.5
597 90, ay)0'® | 7,12, 6.92, 6. 13 7.1 30

607 Mg®%(p,4)a1%8 | 6.8872, 6,46, 4.34 6.4 s 3.2
612 | A1%7(p, y)5i%8 <1

625 5i30(p, y)P>1 7.87

630 o8, yrl? 8.5 2.6

632 a1®T(p,4)si%® | 10,41, 7,59, 1.77 <0.06

636 Ne?%(p,y)Na?> | 9,40

640 cltp, nt3 10.8, 5.3

648 P3(p, )52 17

650 Ca 0(p, -Y)Sc41 0.596 s; 5.6
654 A1%7(p, )58 | 10.43, 7. 61 <0.06

660? | Ne“X(p,y)Na

661 Mg“®(p,y)A1%7 | 7.88, 6.68, 5.9

667 Mg (p,y)A126 6.4 s; 3.2



All-3

Proton Gamma-ray Cross Half life and
energy | Reaction energy section Width gt energy
(keV) (MeV) (mb) (keV) (MeV)

672 Fl9%%,yNe?® | 11,88, 1.63 0.5 6.0

672 F 0, a0t | 7.12, 6.92, 6.13 57 6.0

675 Bll(p, ct? 12,15, 4,43 0. 050 322

675 Na®3(p,v)Mg® | 11,0, 8.1, 7.1 <1

675 Mg22(p.y)A128 | 6.55, 5.21, 3.30 6.45; 3.2
675 5i39%(p, y)P3! 7.92, 6,65, 1,27

678 A% 7(p,y)5i%® | 10.45, 7 63 <t

693 5i%%p, y)P° 6,26, 4,29, 3.51 2,5m: 3.2
700 Ni%p, ol® 8.0 100

7032 | Si(p,y)P 2,03m; 1.7
710 n13(p, y)ol® 6.72 40

7177 Si(p, y)P

720 MgZ3(p, ) A1%® | 6.59, 4.93, 2,46 6.4 5; 3.2
720 Mg“O(p, )A1°T | 6.74, 5.96, 5,28

725 Ni®%p, yycub? | <5. 52 0.01 evb | <i 3.3h; 1.2
730 5i%(p, y) P> 3,33 2.5m; 3.2
731 a1%7(p, y)51%8 <0.16

736 a1%7(p, y)si° <0.09

740 Na?3(p,y)Mg?* | 11 <3

741 a1%7(p, y)si%® <t

744 Na®3(p, y)Mg?? | 8 <3

759 A% (p, y)51%8 <0, 06

760 5i30(p, y)P3! 6.71, 4,57, 1.27

765 Ne?l(p, y)Na?? 2,62 y0.5,1.8
766 a1%7(p, y)si <0. 08

173 | 81%7(p, y)si 12, 33 0.009

775 5i30(p, )P 3! 8.00, 6.73, 1.27

777 MgZ2(p, v)A12® | 6,652, 4.99, 3.90

780 195, ay)0l® 7.6 | 6.4 3.2
800? | Si(p,y)P

813 Mg28(p, v)a1%7

816 | P2l(p, 532 7.39

820 Mg22(p, v)A128 | 7. 69, 5.04, 4.56 6.4 57 3.2
825 MgZ4(p,v)A1%° | 3.09, 2.64, 2.14 1.5

825 P3l(p, y)53? 9. 64 7.2s; 3.3
828 Ne24(p, y)Na?3




All-4

Proton Gamma-ray Cross Half life and
energy | Reaction energy section Width 8t energy
(keV) (MeV) (mb) (keV) (MeV)

835 %0, a0 | 7.12, 6.92, 6.13 19 6.5

840 Mg28(p, y) A1%7

840 5i30(p, v)P3! 6.82, 4.80, 1.27

849 ot8p, rt? 8.8 40

854 Ne?(p,v)Na23 | 9.61, 9.17, 5.70

855 c1®3p,a3% | 7.2, 5.1, 4.3 <5

855 Nio8(p, y)cu’? | <4. 26 0.007 evb| <1 81 s; 3.7
872 F9p,ay01® | 7.12, 6.92, 6.13 540 4.5

877 Na®3(p.y)Mg®% | 11 8

8832 | K3Yp,y)ca*® | 92

884 | A1%7(p.y)si2® <1

888 c133(p, y)a30

890 | Mg?%(p,y)A1%®

892 P3l(p, )8 9

8952 | Si(p.y)P

895 Niéo(p,y)Cu61 <5. 69 0. 01 evb <1 3.3h; 1,2
898 NY(p,ay)cl? | 443 800 2.2

900 A%,

901 Ne“%(p,y)Na?> | 9.662, 9.222

902 1%, a0 | 7.12, 6.92, 6. 13 23 5.1

916 5i%%p, y)P3° 5.74, 4. 48 2.5m; 3.2
922 A1%7(p, )5%8 <0.19

9252 | K> p,y)catl | 92

933 Ne“Z(p,y)NaZ? | 9.697, 9,252

935 Fl9%, ay)0!® | 7.12, 6.92, 6.13 | 180 8.6

936 Aa1%7(p, y)5i28 0. 34

940 MgZ2(p,v)A1%% | 6.99, 5.15 6.4 5 3.2
943? Ne (p,'y)Na.23

9447 Si(p, y)P

947 Ni?8(p,y)cu®? | <4.35 0.14 evb | <t 81 s; 3.7
954 Mg20(p, v a1%7

955 si°%(p, y)P>? 8.19, 6,92, 1,27

956 si*Y(p, )P0 6..49, 5.04, 4.52 2.5 m; 3.2
960 Mg?%(p, v)A1%8 | 5.17, 4.70, 3.572 6.4 8 3.2
9802 | F19(p,y)Ne?0




All-5

Proton Gamma-ray Cross Half life and
energy | Reaction energy section Width Bt energy
(keV) (MeV) (mDb) (keV) (MeV)

980 5i2%p, ) P31 4.96, 4.84, 1,27

980 k3%(p,y)ca®® | 92

982 Ne?Z(p, y)Na*>

989 Na“"(p,y)M 24 9 <1

990 Mg22(p, y) 128 6.4 s; 3.2
991 Bel(p,v)B 10 7.5, 6.8, 5.8 89

992 | Mg®%(p, a1’

992 a1%7(p,)8i%® | 10,78, 7.93, 1.77 0.05

995 5i3%(p, y)P3? 6.98, 6,02, 1,27

1000 | 5:3%p,y)P>3! 8.25, 6.98, 5.12

1001 | A1%7(p, y)5i?® <t

1002 Ne 2(p, )Na23

1006 | Ge 4(p,y)As > <2.5

1010 | Ni%8(p,y)cu’? | <4. 41 0.007 evb| <1 81 s; 3.7
1011 | Na®3(p,y)Mg* <0. 5

1015 | Mg?®¥p,y)a1%7

1022 Na (p,y)Mg24 9 6. 6

1024 | a1%7(p, y)532® <0. 24

1029 N160(p,y)Cu61 <5, 82 0.02 evb <1 3.3h; 1.2
1030 | Li'(p,y)Be" 18,15, 15,25, 0.478 168

1040 | NYZ(p,y0l® 13. 09 130

1040 | NY3p,ay)cl? | 443 15 130

1046 Mg25(p,Y)A126 6.4 s8; 3.2
1050 | P l(p,y)s3? <5

1050 | a*0(p, ri

1056 | Mg?%(p,y)a1%7

1059 | N'%(p,yot? 8. 34, 5.27, 3.04 4

1066 | Ni%(p,y)cub! | <s. 86 0.05 evb | <1 2.03m; 1.7
1068 | P>1(p,y)532 6 3,3h; 3.2
1070 | Ne*%(p,y)Na’>

1070 | c1?p,y)ar3® |9 1, 7.5, 6.3 <5

1078 | Ni%(p,)cu®l | <5, 87 0.03 evb | <1

1080 | A*0(p,

1084 | Be’(p,y)B 0 6.9, 5.4, 0.7 3.8

1086 | Mg?3(p, y)a1%® - 6.4 5, 3.2




ATI-6

Proton Gamma-ray Cross Half life and
energy | Reaction energy section Widih Bt energy
(keV) (MeV) (mb) (keV) (MeV)

1087 Na23(p,y)Mg24 f.1

1088 | Ne>%(p, y)Na

1089 | a1%7(p,)si%® <0. 11

1090 | F1p,)Ne?® | 12,28, 8.84, 1.63 >0, 05 0.7

1090 | F1%p,ay) 0% | 7.12, 6.92, 6.13 >13 0.7

1090 | c137(p,y)ar>®

1096 | A1%7(p,y)5i°® <1

1094 | Ge *(p,y)as’> 9.5

1100 | A*%p, r*

1100 | Ni%8(p,y)cu®? | <4. 50 0.05 evb | <1 81 s; 3.7
1101 | P3l(p, )52

1102 | c13%(p,y)ar®

1105 | Mg22(p,)A128 6.4 8 3.2
1106 Ne™(p,y)Na

1117 | A1%7(p, y)5i%® 0. 80

1117 | P3(p, y)832 9.92 5

1120 | x3%p, y)ca?? | 9.5, 6.1, 3.8 <5

11232 | F1%p,ay)0t® 22

1132 | Ni%%(p,y)cul? | <5, 92 0.04 evb | <1 3.3h 1.2
1135 | c1®7(p,y)ar® | 9.1, 7.5, 6.3 <5

1140 | F1%p,ay)0t® | 7.12, 6.92, 6.13 15 2.5

1146 | BY0(p,y)cl! 9.7, 5.52, 4,22 0.0055 | 450 20.3m; 1.0
1146 | P3Y(p, )52 7.71

1160 | ct3p, 't 8. 62, 4,67, 2.39 0. 56

1163 | clt¥(p,ynt? 11, 30 12

1165 | Ne?O(p,y)Na?l | <4 22.8s; 2.5
1166 | NaZ3(p, y)Mg®* 1.2

1167 | Ni®%p,v)cu®l | <5. 96 0.15 evb | <t 3.3h; 1.2
1167 | Ge ¥p,y)As’> 4.5

1169 | o8, F? 6.3 1

1171 | A1%7(p, y)si%8 0.25

1172 Mg26(p,y)A127

1176 | Na®3(p,y)Mg** 2.5

1180 | B1%p.y)c? 9.4 0.0075 | 570 20.3m: 1.0
1182 | A1%7(p,)si%® 0.71



AII-7

1 !

Proton Gamma-~ray Cross | [alf Jife and
energy ' Reaction enecrgy se clion Width ¢ 87 encrgy
(keV) (MeV) (mb) (keV) i (MeV)
1185 | Mg®3(p, v)a1%® .48 3.2
1189 | ¥ %p,ay)0t® | 7.12, 6.92, 6.13 19 {10

1197 | Ni®%(p,y)cu®l | <5, 99 0.13 evb | <1 3.3 1 1.2
1198 | A1 (p,y)Si%® 6.3

1200 | Mg®¥(p,)A1Z® | 3,44, 1,83, 1.61 <10 7.2 s 3.3
1209 Niéo(p,y)Cuéi <6. 00 0.14 evb | <1 3, ah 1.2
1210 | NP(p,ay)ct? | 4,43 425 22.5

1212 | A1%7(p, y)51%8 <0.21

1213 | Na“3(p,y)mg? 0.4

1213 | Ge Hp,y)as'® <2.5

1227 | Ni“3(p.y)Cu’? | <4.63 0 045 evb | <1 81 &3 3.7
1235 | A*%p, r*!

1239 | Ni®%(p,4)cul | <6.03 0.13 evb 3.3h; 1.2
1247 | Ni®%p,)cu®t | <6. 04 0.1 evh | <t 3.3h; i.2
1248 | P3Y(p, 1532 10. 05, 7. 80 9

1250 | ct3p, it 8.71 0.062 500

1255 | Mg®%(p,)m1?7

1257 | Ge Y(p,y)As’> <2.5

1258 | c13%p,y)a30

1261 | a1%7(p,)5i%® <0. 20

1262 | Ne“3(p, y)Na?>

1273 | Na®3(p, y)Mg??

1274 | A1%7(p, y)5i%8 <1

1278 | Ne*¥(p, y)Na?>

1283 | F1%p,ay)0'® | 7.12, 6,92, 6,13 29 19

1295 | Mg?%(p,y)a1%7

1300 | K Y p,y)Ca®® | 9.6, 6.3, 3.8 <5

1308 | Ni%(p,y)Cu’? | <4.71 0.11 evb | <1

1312 | cMp, nt? 11,43 43

1313 | Ni®%(p, v)cu®! | <6. 10 0.21 evb | <i 3.3h; 1.2
1315 | A1%7(p,y)5i%8 <0, 16

1316 | Ni*%(p,y)cu®? | <471 0.08 evh | <1 81 s; 3.7
1319 | Ni%%p,y)cu®l | <6. 11 0.25 evb | <i 3.3h; 1.2
1320 | Na%3p, Mgt | 11 2.1

13222 | F19%p,y)Ne?® | 12.50, 1. 63 0. 081 4.0




AlI-8

Proton Gamma-ray Cross ' Hall life and
energy | Reaction energy section Width Bt energy
(keV) (MeV) (mDb) (keV) (MeV)
1322 Ne (p,Y)Na23

1232 | Ni%%(p, y)cubt | <6, 11 0,29 evb | <1 3.3 h: 1,2
1327 | A1%7(p,y)5i%® <0.16

1331 | Ni%0(p, y)cult | <6, 12 0.06 evb | <1 3.3 h: 1,2
1332 | Ge' ¥(p,y)As ° 5.0

1338 | K°Yp,y)ca®® | 5.91, 5.74, 3.8 <5

1343 | Ni%p,y)cult | <6.13 0.45 evb | <1 3.3h: 1.2
1347 Nléo(p,\{)Cu61 <6. 14 0.40 evb | <1 3.3h; 1,2
1348 | £ p, y)Ne20 0.1 5. 6

1348 | F1%.,ay)0l® | 7.12, 6.92, 6.13 89 5, 6

1350 | Ne?¥(p,y)Na?>

1362 | A1%7(p, y)5i%8 <0.12

13707 | s3%4(p,y)c13>

1371 N160(p,y)Cu61 <6.16 0.15 evb | <1 3.3h; 1.2
1375 | F1%p,ay)0 ¢ | 7,12, 6,92, 6.13 300 11

1375 | Ne?¥(p,y)Na’>

1376 | Ni2%(p,y)Cu®? | 4,77, 4.28, 3.86 0 19 evb | <1

1380 | A1%7(p,y)si%® 0.70

1387 | A1%7(p, y)5i%® 0. 29

1381 | Ni®%p,y)cult | <6.17 0.2 evb | <1 3.3 h: 1.2
1386 | Ne®?(p,y)Na?>

1388 | Bl(p,yct? 17.23, 12.80 0 053 1270

1395 | P3(p,y)s3? 15

1398 | NaZ3(p, Mgt 0.5

1399 | o'8p, yr1? 9.3 <15

1408 | P3(p,y)5%? {5

1415 | Ni%%p,y)cu®l | <6. 20 0.35 evb | <1 3.3 h: 1,2
1419 | Na%3(p,y)Mg™* | 9 <0.3

1422 Ge74(p,y)As75 <2.5

t424 | Ni%%(p,y)cu’? | 4.82, 4,33 1,7 evb | <0.05

1425 | Mg®%p, y) a1

14312 | F19%p,)Ne?® | 12,60, 1.63 0. 19 15,7

1431 | Ni%p,vicu®l | <6. 22 0.18 evb | <i 3.3h; 1.2
1433 | Ne*¥(p,y)Na>>

1443 | P3Y(p,y)5%? 12




AIL-9

Proton ! Gamma-ray Cross }
energy Reactlion energy section | Width
(neV) . | (MeV) (mb) | (keV)
1451 ?Niéo(p,y)Cu()l 6. 24 0.75 cvb | <i
461 | Ni%%p, y)cu®t <625 0.14 evb | <1
1465 MgZ()(p, Y)A127

1465 | 19i°0p, e’ <625 0.11 evh | <t
1470 | c3p, pnt? 5.83, 5,10, 3.07 0.074 20
1482 | P Y(p, 8% 6
1483 | Ni%%p,)cu®t | <6, 27 0.14 evb | <i
1484 (3].35(13,\()1‘\.1'36 9.9 <5
1490 | Mg®p,vyAa1®® 13,72, 1.91 0.3
1491 | Ni%%p,vcu®l | <6. 28 0.14 evb | <1
1492 | NeP¥(p,y)Na?3

1500 | ¢ ¥p, 1> 11, 61 520
1500 | A1%7(p,4)5i%®

1502 | NeZ¥(p.y)Na’>

1510 | C13%p,)ar3® | 9.9 <5
1515 | Ni%%p,)cu® | <6, 30 0.4 evb | <t
1519 | Ni%%p,v)cu®l | <6, 30 0.7 evb | <t
15202 | Si(p, )P 9.0
1522 | Ni°%(p,y)Cu>? |<4.92 0.012 evbl <i
1527 | P> Y(p,y)5%? 14
1529 | Ni%%p.ycult | <6.31 0.06 evb | <1
1530 | Ge 4p,y)as’> 9.0
1533 | c137(p,y)arC | 9.5 <5
1538 | Ni®%p.yoult | 6. 32 0.35 evbh | <1
1540 | Ni°%(p,y)Cu”? | <4.93 0.020 evbl <i
1544 | N%4(p, y)0t° 8,87 34
1550 | cli(p, it 8.99 0. 037 7
1559 | Ge'*(p,y)As > 6.5
1566 | K°(p,y)Ca®® | 9.9, 6.6, 6.1 <5
1566 | Ni%%(p,v)cu®l | <6. 35 0.22 evb | <1
1570 | A1%T(p,y)5i%®

1571 | Pl(p, 1532 7
1577 Niéo(p,y)Cuéi <b. 36 0.35 evb ! <1
1580 C135(p,y)Ar36 10 b <5
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AJI-10

Proton | Gamma-ray Cross * i Half }ife and
energy . Reaction energy section Width § B™ energy
(keV) | (MeV) (mb) (keV) | (MeV)
1582 | Ni°%(p,y)Cu°? | <4.98 0.066 evb| <1 81 s 3.7
1588 | Ni®(p,y)cult | 6.37, 5. 90 0.9 evb | <t 3.3h; 1.2
1598 | P3(p, y)53? 5

1599 | Ni%p,y)cut | 6. 38, 5. 00 2.3 evb | <t 3.3h; 1.2
1605 Ni6 (p,Y)Cu61 6.39, 5,01 2,0 evb <1 3.3h; 1.2
1607 | T19p,ay)ol® 6.0

16107 | 5°%p,y)C1>°

16182 | Si(p,v)P .

1620 | Mg“%(p,y)A1%> | 3.40, 2.90, 1,34 36 7.2 55 3.3
1620 | Ni®%(p,y)Cu®' | 6.40, 5.02 1.8 evb | <1 3,3h; 1.2
1635? | Si(p, )P

1635 | Cl(p.y)Ar

1639 | Ni%0(p,y)cu®t | <6.42 0.14 evb | <t 3,3h; 1.2
1640 | N'(p,ay)cl? | 4.43 340 68

1640 | A1%7(p,y)Si%®

1643 | Ni%0(p,y)cubl | <. 43 0.35 evb | <t 3.3h; 1.2
1643 | Ge' *(p,y)as’> 15

1645 | C1(p,y)Ar

1649 | Ni®%p,y)cull | <6.43 0.29 evb | <1 3.3h 1.2
1650 | 5i*%(p,y)P? 4. 30 50 4.20 51 4.0
1653 | Ni°S(p,y)Cu>? | <5.05 0.045 evb| <1 81 s: 3.7
1656 | Ni%O(p,y)cu®t | 6.44, 5.97 1.0 evb | <t 3.3h; 1.2
1659 | a1%7(p,y)si%®

1660 | Mg®¥(p,y)A1%° | 3.88, 3.43, 2.93 0.1 7.2 s, 3.3
1660 Cl(p,y)Ar

16632 | Si(p,)P

1663 | Ni°S(p,y)Cu”? | 5.06, 4.15, 3.28 0.16 evb | <1 81 s; 3.7
1665 | Ge'*(p,yAs > ~15

1669 | Ni®%p,ycu®l | <6.45 0.4 evb | <i 3.3h; 1.2
1670 Cl(p,yAr

1674 | Ni®%p,ycubl | 5.50, 5.08 1.0 evb | <1 3.3m 1.2
1679 | Ni%%(p,y)cu®l | <6.46 0.5 evb | <t 3.3h; 1.2
16802 | Si(p,y)P

1680 Cl(p,y)Ar

1685 | 0'8(p,y)F!? 9.6 15




All-11

ialf 1ife enc

Proton { | Gamma-ray Cross il

encrgy ' Reaction energy section Width 537 energy
(keV) | (MeV) (mb) (keV) M)
1690 | s34(p, c1??

1690 | Ge H(p,y)as ® ~30

1691 | P %p,ay)0® | 7.12, 6.92, 6.13 35 |
1694 | Ni®%p,y)cu®t | 6.48, 5. 52 1.0 evb | <t 3 3hy 1.2
169 | ctép,nt3 3.51, 2,37, 1.14 0.035 | 70 9.68 m; 1.2
1698 | Ni%p, y)cu®! | <6. 48 0.3 evb : <1 3.3h; 1.2
16992 | Si(p,y)P

1700 | Aa1%7(p,y)si%8 i

1710 Cl(p,v)Ar | !

1711 | Ni%p,y)cult | <6.49 0.23 evb | <1 33 h 1.2
1716 | Ni°%(p,y)Cu”? | 5.11, 4.20 0.35 evb l <1 | 31 s 2.7
1721 Niéo( ,Y)Cu61 <6. 50 0.11 evb | <1 | 3.3hy 1.2
1725 | c1°(p,)a°% | 5.2, 3 <5

1726 | A1%7(p, y)5i%8

1734 | Ni%p, )cu®? | 652 0.7 evb | <t 3.3h 1.2
1739 | Ni®0(p, ) cu® | <652 0.3 evb | < 3.3h; 1.2
1742 | N'4(p, ot 9.02 5 2.03m; 1.7
1748 | ct3p, Nt 9.17, 6.43, 2.74 340 0.075

1755 | Clp,y)Ar

1757 | Ni%(p,y)cu®? | <654 0.5 evb | <i 3.3h: 1.2
1764 | Ni%0(p,\cu®t | <655 0.6 evb | <1 3.3 h i,
1765 | Cl(p,y)Ar

1769 | o'8p, ) r!? 9.6 4

1770 Ni60(p,y)Cu61 <6.55 " 0.75 evb | <«i 3.3h; 1.2
17742 | Si(p,y)P

1781 | a1%7(p, y)5i%8

1783 | Ni%0(p, y)cu®t | <656 0.55 evb | <1 3.3h: 1.2
1797 | Ni%0(p,ycu®t | <o, 57 0.45 evb | <1 3.3 hy i
18002 | s°%p,y)c1>°

1805 Ge74(p,y)As75 20

18102 | Si(p,y)P

1807 | N1%(p,yo0t> 9.0? 5 2.03m; 1.7
1833 | Mg“4(p,y)a1%° | 4,05, 2.43, 1. 62 7.2 8 3.3
1833 | Ni°O(p,y)Cu>? | <5.22 0.063 evbl <1 81 s; 3.7
1844 | Ni°%(p,y)Cu’? | 5.23 2.1 evb | 0.1 | 81 s 3.7
18492 | Si(p,y)P




All-12

Proton Gamma-ray Cross Half life and
energy | Reaction energy section Width 81 cnergy
(keV) (MeV) (mb) (keV) (MeV)
18602 | 53%p, y)c1?°

1870 Ca‘m(p,vy)SCq:1 0.596 s; 5.6
18797 | Si(p,y)P

1890 A127( ,y)S 2

1892 | P Y(p,y)s°? 10. 68 24

1906 Ge' (p,Y)As75 ~15

1916 | PY(p,y)s>?

1926 | Ge *(p,y)As’> 15

1931 | o8p,yF!? 9.8 1.5

1940 A127(p,y)8128

1945 | ' %p,ay)0t® | 627 40

1972 Ge74(p,y)As75 35

1979 | N'2(p,ay)ct? | 4.43 35 23

togs | P3Y(p,y)s3? 10. 77

20002 | Li'(p,y)Be 19.07, 16.1?

2000 | cl3(p, Nt 5.10, 4. 80 20

2010 | Mg®*(p,y)a1%° | 3.77, 3.27 0.15 | 7.2 s, 3.3
2025 | C'4(p, N2 18

2026 | F1%p,ay)0!® | 6-7 120

2026 | a1%7(p,y)5i%®

2027 | P>l(p, )52 10. 81

2074 | Ge' *(p,y)As'® 13.5

2079 | cl4(p,yN1° 55

2083 | a1%7(p,y)si%®

2090 | si?8(p, ) P27 4.74 12 4.20 s; 4.0
2120 | ct3(p, it 5.10, 4. 39 0. 20 45

2120 | P3Y(p, )52 10. 90 5

2130 | Li'(p,y)Be 19.12, 16,21 400

2135 Nezo(p,y)Na21

2161 | Ge'*(p,y)As’> 15 22.8 sy 2.5
2180 | A1%7(p, y)si

2200 | A1%7(p, y)Si

2210 | Ge'*(p,y)As 40

2212 | m%7(p,y)5i%8

2282 A127(p,Y)Si



All-13

Proton Gamma-ray Cross i Half life and
energy Reaction energy section i Width 3% cnergy
(keV) (MeV) (mb) f (keV) (Mcev)

2295 1 Ge Hp,y)as’° 27

2315 ;F;?(p,ay)?zié 6-7 85

2320 P 7 (p,y)S 11.09 8

2340 P l(p, 45> 11. 11 8

2342 Ge Yp,y)As > 5

2344 1 A1 (p,y)5i°0

2350 §N14(p,y)015 9.57 4 2.03m: 1.7
2400 | Mg%(p,4)a1%° | 3,65 0.3 | 7.2 3.3
2440 E Ge74(p,Y)As75 i1

2480 {N'%(p,y)0"° 9.72 11 2.03m; 1.7
2510 iFlg( Lay)0l6 67 30

2520? | Si(p,y)P

2528 | Ge'*(p,y)As ® 15

2542 A1%7(p,y)si

25432 | Si(p,y)P

25532 | Si(p, y)P

25582 I Si(p,y)P

2564 | Be’(p,y)B'° 8.1, 0.7 39

2564 | Be (p,cry)L16 3,56 39

25702 | Si(p, )P

2575 | N'¥(p,y)ol® 9.8? 1000 2.03m; 1.7
25752 | Si(p,y)P

2593 | Ge H(p,y)AsTO 44

2630 | B (p,y)ct? 13,94, 4.43, 2. 14 300

2630 | F'%p,oy)010 | 6.7 90

2664 | Ge'(p,y)As > 10

2800 Fig(p,o/Y)O16 6-7 60

3000 | N'(p,ay)Cl? | 443 750 45







APPENDIX III

Theoretical cross scctions for charged particle rcactions at
higher energies:

] Lange and H Minzel

KFK-767 (1968).

(p,y)-reactions.
J W Butler
NRL-5282 (1959).

Detection limits and sensitivities for charged particle reactions

on light elements:

i. S S Markowitz and J D Mahony
Anal Chem 34 (1962) p 329.

ii. E Ricci and R L Hahn
Anal Chem 39 (1967) p 794; 40 (1968) p 54.

iii. Ch Engelman

Isotop Radiat Technol 8 (1970) p 118.

iv. Ch Engelman

J Radjoanalytical Chem 7 (1971) p 89 and p 281.

Some references to other compilations of charged particle
reactions cross-sections together with references on special

topics concerning charged particles:

i. N TJarmie and J D Seagrave

LA-2014 (1956) P-F,

ii. D B Smith (comp and ed)
LA-2424 (1961) Ne-Cr.

iii. F Ajzenberg-Selove and T Lauritsen
Nucl Phys 11 (1959) p 1.

iv, ¥ Ajzenberg-Selove

LAP-99 (1970).

v, ¥ Ajzenberg-Selove
LAP-100 (1971).
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