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ISTC 839B-99

Experimental and theoretical study of the yields of residual product nuclei
produced in thin targets irradiated by 100-2600 MeV protons
(From 1 January 1999 to 31 December 2000 for 24 months)

Yury Efimovich Titarenko
(Project manager)
Institute for Theoretical and Experimental Physics (ITEP)?

The objective of the project is measurements and computer simulations of independent
and cumulative yields of residual product nuclei in thin targets relevant as target materials
and structure materials for hybrid accelerator-driven systems coupled to high-energy proton
accelerators. The yields of residual product nuclei are of great importance when estimating
such basic radiation-technology characteristics of hybrid facility targets as the total target
activity, target “poisoning", buildup of long-lived nuclides that, in turn, are to be transmuted,
product nuclide (Po) a-activity, content of low-pressure evaporated nuclides (Hg), content
of chemically-active nuclides that spoil drastically the corrosion resistance of the facility
structure materials, etc.

In view of the above, radioactive product nuclide yields from targets and structure materials
were determined by an experiment using the I'TEP U-10 proton accelerator in 47 irradiation
runs for different thin targets: 182183184186\ at proton energies 0.2, 0.8, and 1.6 GeV; "W,
Fe, %8Ni, and ?Nb at 2,6 GeV; 232Th, "®U, PTc, at 0.1, 0.2, 0.8, and 1.6 GeV; %9Co and
63.65Cu at 0.2, 1.2, 1.6, and 2.6 GeV; "®Hg at 0.1, 0.2, 0.8, and 2.6 GeV and, additionally,
208Ph at 1.0 GeV. As a result, 4050 cumulative and independent yields of residual radioactive
product nuclei, whose lifetimes range from 8 minutes to 32 years, have been measured. Besides,
the monitor 2" Al(p,x)?*Na and 2"Al(p,x)"Be reaction cross sections have been measured at
proton energies from 0.07 GeV to 2.6 GeV. The experimental nuclide yields were determined
by the direct y-spectrometry method. The ~y-spectrometer resolution is of 1.8 keV at the 1332
keV ~-line. The experimental y-spectra were processed by the GENIE2000 code. The v-lines
were identified, and the cross sections calculated, by the ITEP-developed SIGMA code using
the PCNUDAT database. The proton fluence was monitored by the 27 Al(p,x)?2Na, reaction.

Some of the results have been compared with the data obtained elsewhere, in particular
with the recent GSI inverse kinematics experiments.

The measured data are compared with the simulations by the LAHET, CEM95, CEM2k,
CASCADE, CASCADE/INPE, YIELDX, HETC, and INUCL codes. The predictive power
of the tested codes is different but was found to be satisfactory for most of the nuclides in
the spallation region, though none of the benchmarked codes agree well with the data in the
whole mass region of product nuclides and all should be improved further. On the whole, the
predictive power of all codes for the data in the fission product region is worse than in the
spallation region; therefore, development of better models for fission-fragment formation is of
first priority.

Keywords: nuclear reaction, spallation, fission, fragmention, yields, residual nuclides, cross
sections, simulation, Monte-Carlo codes, comparison
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1 INTRODUCTION

This work is the final report on the ISTC Project#839B "Experimental and theoretical
study of the yields of residual product nuclei produced in thin targets irradiated by 100-2600 MeV
protons"|[1].

The values of the yields of residual product nuclei in the medium- and high-energy proton-
irradiated thin targets are extensively used in various fundamental and applied researches. The
yield values are used to optimize the isotope production in accelerators, to design, develop,
and operate high-current accelerators, and to interpret residual product nuclide yields formed
in meteorites by cosmic ray-induced nuclear reactions. The yields of residual product nuclei are
used also in astrophysics and medicine.

In recent years, the residual product yield data have been widely adopted in the feasibility
analyses of accelerator-driven systems (ADS) applicable, for instance, to nuclear waste transmutation
|2, 3, 4]. This is related primarily to the information on the applicability scope of the various
simulation codes used to calculate high-energy interactions in the ADS structure elements with a
view to more reliable calculations of the ADS nuclear physical parameters and performances.

The reported Project is aimed at experimental determination and computer-aided simulation
of independent and cumulative yields of residual product nuclei in the ADS target and structure
materials. Table 1 lists the proton energies and the target materials studied under the Project.

Table 1: Target materials and proton energies.

Target Proton energy (GeV)
0.1 1.0 1.2
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182W
183W
184W
186W
232Th
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208Pb *k

* irradiated during the Feasibility Study stage of the Project (ISTC Project 839-0).
** additional 1.0 GeV proton irradiation of 2*8Pb for comparing between the results of the direct
(p — 2B Pb; ITEP, Moscow), and inverse (*3Pb — 1H; GSI, Darmstadt) kinematics.



2 EXPERIMENTAL DETERMINATION TECHNIQUES

The techniques for experimental determining the reaction product yields are described in
detail in [5, 6]. As the techniques have been persistently in progress since the publication [5]
of 1998, this report is the first to present their most updated version the latest version of the
techniques.

Any of the measured reaction products generated in different-energy proton interactions
with matter can originate both in the reaction proper and in the decays of its chain precursors.
Thus, the set of terms used in studying the mass and charge distributions of fission products
can conveniently be used to process and interpret experimental results In terms of the set, the
independent and cumulative yields of reaction products underlie the formalism. Conforming to the
adopted terminology, the independent yield 0;,4(A, Z) of a reaction product with mass number
A and charge Z is meant to be a probability for the nuclide to be produced directly as a reaction
proceeds. The cumulative yield 0.y, (A, Z) is meant to be a probability for the nuclide (A,Z) to
be produced in all the appropriate processes that can lead to its production.

Some applications make use also of the concept of mass yield 0,,455(A), which is the sum of
all independent yields of the elements of a given mass, opqss(A) = Y. oina(A, Z), or, equivalently,
is the sum of cumulative yields of the stable nuclides of a given mass.

2.1 Mathematical representation of the reaction product yield values

Generation of residual product nuclei in proton interactions with a target nucleus is governed
by intranuclear processes, namely, spallation, fission, fragmentation, emission of light nuclei and
nucleons, decays of the residual product chain precursors.

The general form of proton interactions with a target nucleus is
A
Z;T(pa x)éN )

where 7" and N are the chemical symbols of the target and product nuclei; Ar and Zp are,
respectively, the mass number and charge of the target nuclide; A and Z are mass number
and charge of a nuclide produced in the respective nuclear reaction. During the irradiation, the
variations in the concentrations of two chain nuclides produced in an irradiated thin target may
be presented as

7T
o1 %)
)\1, 141 )\2
1 N,
\
(1-11-119)
d]\illt(t) = OlNT(I) — )\lNl (t) ’
(1)
MNol8) 0, Ny + v 0N (8) = Moo (1) |

with the initial conditions N;(0) = 0 and N,(0) = 0.

In (1), Ny and N, are the numbers of nuclei produced; o1 and o, are their independent yields;
A1 and Ag are the decay constants; 14 is the probability for nuclide 1 to decay into nuclide 2, i.e.,

7



the branching ratio; Ny is the number of nuclei 2;’ T in an experimental sample; ® is the mean
proton flux density; ¢ is the actual time elapsed from the irradiation start to a current moment
within the irradiation.

Given a pulsed irradiation mode, the solution for the set of differential equations (1) at the
irradiation stop moment t;,, = (K — 1)T + 7 is described as

Nyp®o, F
N (K-1)T+71) = 7TA‘71 L 2)
1
Ny ® A
Ny (K —1)T = Ny® F - F 3
2 (( )T +7) 1@ oy = op = o | B (3)

where 7 is the duration of a single proton pulse; 7" is the pulse repetition period; K is the number
of irradiation pulses; F} is the function

AT ]-_e_)\jKT .

The after-irradiation decay of the product nuclides is described by the set

d]\élt(t) = —AVi(1)
(3)
%Qt(t) = AN () — AaNo(2) .

with initial conditions N;(0)=N;, and Ny(0)=Ny,.

Here, Nj, and Ny, are numbers of product nuclei as radioactive cooling starts (irradiation
stops); t is the current time elapsed from the irradiation stop moment.

The solution for (5) at any moment within the decay time ¢ is

Ni(t) = Nye ™M, (6)
AL

A1 — Ao

—Aot )\1 A1t (7)

Ng(t) = N20 + VlNlo € \ \ Nlol/lei 5
17— A2

The number of product nuclei at the irradiation stop moment is the same as their number
at the decay start moment. In this case, the following condition is satisfied:

N10 = N1 ((K — 1)T+T) 5 N20 == N2 ((K — 1)T+T) . (8)

The actual experiment measures the count rates S;, and S, in the total absorption peaks at
v-line energies £y and F, making allowance for dead time. These same count rate can be expressed
via the values of N;(t) and Ny(t), which solve the set (5):

1 1

S, =

K3

te; be;
/ Nl(t))\l’/]l(fldt s SQi = / Ng(t))\gn282dt, (9)
ttruei iy, ttruei ly,

where 7; and 7, are the y-abundances per decay (number of emitted photons per decay). e; and &9
are the spectrometric efficiencies at v energies Fy and Ej; ty,, L., are the start and stop moments
of the i-th measurement run; ¢, is the duration of the i-th measurement run (which is identical
for Sy, and S,, because they both are measured in one and the same spectrum).



Applying, then, equation (8) to the cooling start moment ¢ = tgecqy, 0f the i-th measurement
run for Sy, and Sy, we get

1 _ 6_)\1 ttruei

S = A _)\ltdecayi 10
i ‘ Alttruei ‘ ( )
1 _ e_Alttruei 1 _ 6_)\2ttruei
S ) — A _)\ltdecayi A _)\Qtdecayi 11
% ! Alttruei ‘ * 2 )\Qttruei ‘ ( )
where
Ay = Np@oyme b, (12)
A
A = Np®oimes = vk, (13)
Ay — A\
A
A2 == NT(I)U252 O9 — 01l ! F2 . (14)
Ao — A\

The coefficients Ay, A;, and Ay, which carry information on the cross sections oy and o5, are
determined by least-squares fit of the measured Sy; and S; via the functions

1 _ e*)\ltt'rue

t) = Ap———eM, 15

g( ) 0 )\lttrue ( )
1 _ e*)\ltt'rue 1 _ e*)\2tt7"ue

t) = Aj————e M4 Ay — 7Nt 16

f( ) ! )\lttrue ‘ * 2 )\2ttrue ‘ ( )

On introducing the quadratic functionals R, and R,

L1 Ll

~ ~ ~ 2 ~

R, = Z (i, — S1,)?/ASE = Z (Sli - thlieﬁltdemy» JASE (17)
i=1 =1
Lo ~ ~ Lo ~ 9 ~

R2 = Z (5’21 - SQi)2/ASZi - Z (SQZ - Alhliei)\ltdemyi - A2h21'ei)\2tdecayi> /A’Si ) (18)
=1 i=1
1 _ e*)\jttTuei

h, = —————. 1

! )\jttruei ( 9)

where AS’M and AS’% are the absolute errors in 5’1,- and 5’21; L, and L5 are numbers of experimental
points for the first and second nuclide, respectively; hj; is the set of the coefficients that allow for
the decay of the j-th nuclide (j=1,2) in the i-th measurement run (i=1,..,L; for the first nuclide
and i=1,..,L, for the second nuclide). Using, then, the condition of minimizing the functionals R,
and Rs, we get the following expressions to find the parameters Ay, A;, and Ay together wth their

€Irors.:
Ly

> (i Mtaeonihys/ASE )

£ Ly 672)\1tdecayi h2. _1/2
A, = =L C Adg— ( —1) , (20)
z 2 g

> (e meenn /a5t )
i—=1
A=M'7, Ad=M', (i=12), (21)

=ty 7=

9

where



The matrix M and the vector ? in the right-hand side of the initial set of linear equations
are

L2

M, = Z (ef(AiJrAj)tdemyk hichjr/ASZ,) (22)
k=1
L2

7z, = Z (SopeNilecevi by JASZ,) i,j=1,2. (23)

k=1

Calculating the cross sections necessitates determination of the proton flux density ®. With
that purpose, an experimental sample was irradiated together with the Al monitor, for which we
have, by analogy with expressions (2), (10) and (12):

— efANatt'ruei

1

te.
€; 1
SNaZ- - / NAlq)UstFNanNagNaeiANatdt - BeiANatbi 3 (24)
tbi

ttruei )\Nattruei
where o, is either 27 Al(p, £)** Na or *" Al(p, )*> Na monitor reaction cross section. The parameter
B is also determined by least-squares fit of the experimental points through a dependence of the
form (15) using formulas (20). The number of Na nuclei produced in the monitor will, then, be

B Fng
Ny = ————— = Ny®oy—"
nNagNa)\Na )\Na

This permits the mean proton flux density ® to be calculated as

NNa)\Na

d=—"
NAlastFNa

(25)
Formulas (12), (20), and (25) can be used to obtain an expression for calculating the cumulative (or
independent) yield of the first nuclide. The yield of the first nuclide will be regarded as cumulative
if that nuclide has its short-lived precursors producible in a given nuclear reaction:

Ay Ny Fn,g

oM = Oyt . 26
! me1F1NNe N1 Ana ! ( )

At the same time, formulas (13), (14), (21), and (25) can be used to obtain expressions for
calculating the cumulative yield of the first nuclide, as well as the independent and cumulative
yields of the second nuclide:

A Nai As — A Fiyg
pem 1 Al A2 15Na 7 (27)
v11peeFiNNe Ny A2 Ang

ind <é+éﬁ> 1 NAlFNa
Fy  Fi1 Xy ) meaNya Nr Ana

, A A 1 Ny F

cum ind cum 1 2 Al L'Na

= = st - 29
7 AR < > n2€2Nna Nt )\Naa ' (29)

Ost (28)

R

Obviously, the yields calculated by formulas (26) and (27) must be the same. However, the
yield obtained by formula (26) is usually included in the final results because the calculation
reliability of (26) is higher.

10



The errors in the cross sections Ac¢™ Aci and Ac$“™ may be calculated by the error
transfer formula making allowance for all the errors in the terms of expressions (27), (28), (29).

Considering that AA? = the errors in the functions Gl(X) and GQ(X),

’L’L7

1) - A AN
G(d) = Z+EL (30)
A A
G(d) = F+3 (31)

of the parameters A; and Ay, which are obtained by the least-squares fit and enter expressions
(28) and (29), were calculated as

AG? = grad G- M - (grad G;)7, 1=1,2,

where

0A;" 0A,

gradG; = <8Gi 8Gi)

The calculations having been made, the errors may be presented as

AGQ—E:M A14”11 (32)
1,5=1
2 11

AGE = Y M —

¢ i,j=1 JFF )

If a few nuclides of different half-lives are of the same 7-line energy (within the spectrometric
resolution) and, besides, the precursors of the nuclides either are absent or have half-lives much
smaller (or, in the "shielding"case, much longer) compared with any of the said nuclides, then the
total count rate in the total absorption peak at moment Z4..qy, equals the sum of the y-line count
rates for each of the nuclides:

—Akttrue i

n
A te
Slsumi - Z b / 7)\ktdt ZA]C eiAktdecayi

k=1 ttruei ty, )\kttrue i

A = Np@oypnpe F,
where n is the number of the nuclides, ¢ is the detection efficiency that corresponds to their
common y-energy.

The coefficients A; may be found from the approximation curve through the least-squares
method by minimizing the functional

A

L L n 2
R = Z Slsum Slsum ) /Aslsum - Z (Slsumi o ZAkhkie)\ktdewyi> /Aslsum ( )

=1 =1 k=1
1 _Ak' tirue i

hi, = 35
g )\kttruei ( )

in the parameters A;. Here, S’lsumi and Aglsumi are, respectively, the measured total count rate
in the total absorption peak at the moment ¢, and the error in the measured total counting rate;
L is the number of experimental points In such a manner, we get the set of linear equations

11



7:M><X

where

Al Zl
A2 7 Z2

A'IZ Zn

1sumy

L
Zi= Z Slsumk hikei)\itdewyk /ASQ
k=1
L

e~ Wit laecay, py hjk/Ag2

1sumy

The solution for the set is

A=M'x7

So, the production cross section of each of the nuclides may be presented as

peum _ Ay o Na FNaO_ (36)
g NkeFE Ny Nt Ang v

It should be noted that formulas (27) — (29) are deduced on assumption that the y-count
rates of each nuclide produced under irradiation are determined to within a desired accuracy
throughout the time interval from the irradiation stop moment to the actual intensity detection
threshold. In practice, however, the above requirement may (or may not) be met, thus resulting in
the situation that can be either favourable or unfavourable for measurements and data analysis.
Since any such situation is determined fully by the numerical values of nuclear constants of the
given nuclides, the situations are expedient to analyze in terms of definite examples.

Curve 1 in Fig. 1 illustrates the most favourable situation, as regards the discussed analysis.
The situation corresponds to the "?Hg (T, = 4.85 h) — '2Au (T,,=4.94 h) decay chain,
with measuring the 9?Au ~-line at E, = 316.5 keV (1,=58%). Despite the similar half-lives,
the absence of any addends to the measured v-line (i.e., null contribution from ~-lines of any
other nuclide whose energy is the same as the measured ~-line energy within the spectrometer
resolution) provides for sufficiently accurate determination of the cumulative *?Hg yield, as well
as the independent and cumulative ?Au yields.

The real situation often gets complicated, however, because the decay curve of the second
nuclide cannot be measured correctly in every case within the desired (in the same sense as
mentioned above) time interval. Its v-line intensity is often difficult to measure in the beginning of
a measurement run, right after the irradiation stops. In the case of short-lived nuclides, this is due
to the fact that, within the period from the end of irradiation to the beginning of a measurement
run (the cooling time), the nuclide Ny (precursor) can partly or fully decay (if A > Ay), or else a
full or partial equilibrium occurs (if A\; < Ay) between nuclides Ny and Ns.

The contribution from nuclide Ny will, then, never be reflected in the experimental decay
curve of nuclide N,. The situation gets even more complicated because a great number of the
reaction products may include the nuclides whose half-lives are close to the half-life of a shorter-
lived nuclide, either N; or N,. In that case, as noted above, if the v-line energy of such nuclides is
the same (within the spectrometer resolution) as the measured v-line energy of nuclide Ny, then
one of the factors A; and As cannot be determined at all, or can be determined with a great
uncertainty and, thus, becomes useless when calculating the yields.

12



Fig. 1 is also a good illustration of a possible unfavourable situation for analyzing the nuclides
of similar half-lives (Curve 1). If the " Au decay curve begins being measured in more than
two days after the irradiation, the 9?Hg contribution becomes uncertain, resulting in erroneous
calculations of the ?Au yield. Such a situation is most probably responsible for the fact that the
192 Au yields measured in the reported work (see Table 46 below) and in work [8] differ by more
than a factor 3 (46.9+6.6 mb and 160+£50 mb, respectively).

Analyzing the possible structures of radioactive chains permits the following two very common
situations to be singled out.

First, assume that A\; < Ay. This situation is exemplified in by Curve 2 Fig. 1, which shows
the decay of chain nuclides ' Pt(T;/,—10.2 days)—'**Ir(T; »,—41.5 hours) detected by measuring
the 2214.6 keV 7-line of the ¥8Ir daughter nuclide. In this case, the decay curve of nuclide 88Ir

can be used to obtain fairly accurate values of the factors A; and Ay and, hence, of o{*™, gind

b
and o§“™ (ofym, . ottd. | and ot ). Should this favourable situation get complicated (for example,

the measurements began in 2 days after irradiation), then, even without observing the knee, the
conclusion concerning the ¥8Pt production is quite obvious because the 2214.6 keV 7-line of *8]r
is measured with the ®®¥Pt halflife period. In this case, formula (27) may be used to calculate the

O (1) E=316.5keV *’Hg(4.85h) - ***Au(4.94h)
A (2) EF2214.6keV "*°Pt(10.2d) - "**Ir(41.5h)

[0 (3) E123.7keV "°Ta(3.14h) - '"°Hf(23.6h)
©  (4) E=160.4keV °Ta(3.14h)

O (5) E=172.2keV *Ta(3.14h) + *'Pt(2.9d)

\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘
PN

10

Counting rate

L =P

0 1 2 3 4 5 6 7 8
Cooling time [days]

Fig. 1: The typical examples of the decay curves. Curve (1) is for the chain ?Hg— ¥2Au. Curve
(2) is for '8Pt — '"8Ir. Curve (3) is for '™Ta — 'Hf. Curve (4) is for the independent 'Ta
decay. Curve (5) is for the independent 1™ Ta + 19'Pt decay. (Scale factors x and X have been
introduced, respectively, along the Y and X axes).
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o4, value, whereas the '%Ir data are lost.

It should be noted that there even exists a nuclear decay data library that presents the %Pt
v-abundances corrected for the (Ay — A;)/Ag value [26]. The corrected yields are marked with an
index (D) to notify the validity of using the daughter nuclide -lines when calculating the number
of mother nuclei.

The inverse situation (A; > Ay) permits the factor A, alone to be determined reliably. This is
exemplified by Curve 3 in Fig. 1, which is the decay curve of the chain nuclides 'Ta (T, /,=3.14
hours)—'"Ht (T, /,—23.6 hours) recorded by measuring the 123.7 keV ~-line of '"Hf. In this case,
the factor A5 alone can be determined to within the desired accuracy.

If, however, the eigen ~-line is used (this is shown in Fig. 1 by Curve 4, which is the ™*Ta
decay curve measured via the 160.4 keV '7Ta ~v-line, or by Curve 5, which is the same, but
inferred from the 172.3 keV ™ Ta ~-line with an addend contributed by the Pt decay), then
the factor Ay can well be calculated, and the missing factor A; proves to be

(37)

whereupon formulas (27)—(29) can be used to find o{“™, 05", and o§“™ (042 | Uf?ng, and o7y ;).

If, however, the factor A; cannot be found, we may use the factor Ay together with expression
(14) to determine the constant (05“™"), which we call the supra-cumulative yield. The latter can
be presented as
A

At — A

1 - S
! 12625 Nyog Np Ang !

cum™
09 =09 +

It should be noted that the difference between o§*™ and 0§“™ is not specified in many of the
relevant publications, despite the fact that o§“™ is always greater than o§“™. The explanation
is that, the irradiation having ended, the nuclei of the second nuclide still keep being produced

due to the decay of the first nuclide. This is formally equivalent to a shift At of the decay start

moment: . 5
VlO'fum 2

At=— |1 - 39

)\2 [ + O'é"d + 1/10'fum <)\1 - )\2>:| ( )

From formula (39), it is seen that At depends on the yields 6¢“™ and ¢, thereby preventing
the time correction At from being allowed for in the general case when determining o§*". At the
same time, in the prevailing cases of 07" < 110%™, the time shift At can be presented to depend
on the decay constants only:

NV A2
At 2 At = ” [1+ <A1_A2>] (40)

Therefore, the cumulative yield of the second nuclide can be determined after a post-irradiation
period sufficient for N; to decay into Ny (normally, this equals from 6 to 10 half-lives of the first
nuclide) by measuring the decay curve of the second nuclide with due allowance for the time shift
At:

cum A2 NAl FNa —A2At A A2 NAl FNa < )\2>

o = Og€ = O
? n2€2FoNNg N1 AN ! N2€2FoaNNg N1 AN !

In case the condition 03" < o€“™y; is not satisfied and the o5*™ value cannot be calculated
in any way accurately, we may estimate the difference

A
cum® __ _cum® cum __ 2 cum
Ags"™ = o' — 05" = ———110] (42)

A1 — Ao
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cum™ .

Basing on the condition o™ > g5“™ > ¢y, we may estimate the upper limit for Ao

cum* )‘2 cum*
Aog'™ < g )\202 (43)
or, in the relative form,
Ao.cum* )\2
Sosim = —2___ . 100% < - 100 44

From formula (43) it is seen that the measured value of the supra-cumulative yield o$“™ may
sometimes be very different from its true value o$*™. In the case of ‘™Re, for example, formula
(44) (see the data for 2*Pb in Table (46))indicates that do5“™ may reach ~ 50%.

The do§"™ value was always estimated in case any unfavourable situation occurs. If the
estimate exceeded the relative experimental error for a given nuclide, the type of the presented
experimental yield value was designated cum®. This fact was always borne in mind when comparing
between experimental and simulated data (see formulas (90) and (91) in section 4.1).

2.2 Manufacture, certification, and irradiation of experimental samples

The eperimental samples and monitors were manufactured by cutting them from "®W, 232Th,
naty, 97T, 3Cu, Cu, 9Nb, 2%8Pb, and 2" Al metal foils, by pressing fine-dispersed ('82W, 18W,
184\, 186\ %9Co, 56Fe, and *®Ni) metal powders, or by pressing "®HgO oxide. Tc was chemically
extracted from the irradiated reactor fuel elements.

All the samples and monitors were manufactured to be of the same 10.5-mm diameter. Table
2 presents the isotopic composition of all the experimental samples used in irradiations.

From Table 2 it is seen that the reported researches are characterised by predominant usage
of high-enriched isotopic samples. Surely, the reported results can have been much affected by
any chemical impurities in the experimental samples. Therefore, all the experimental materials
were strictly tested and certified accordingly. Tables 3 — 6 present the full chemical composition
of all experimental samples.

The total impurity content percentages of the high-enriched (*°Fe, ¥Ni, 93Cu, %Cu, 82W,
18W, B1W_ and %W, 208Pb) samples are presented in Tables 3 and 4 to conform to the quality
certificate issued by the Stable Isotopes Scientific-Research Center, wherefrom the experimental
sample materials were received. The bottom rows of Tables 3 and 4 show the identification
numbers of the certificates.

Table 5 presents the results of analyzing the total impurity content in the experimental
samples of natural stable isotopes. The analysis was made at the Laboratory of Mass-Spectrometry
and Chromatography (MS&GS Lab) of the State Rare Earth Institute by spark mass-spectrometry
method using a Japanese (JEOL Co)-made JMS-01-BM2 double-focus spark mass spectrometer.
The mass-spectra were recorded on Ilford-Q high mass-spectrum resolution photo plates. The
mass-spectra were quantitatively interpreted using a British (Joyce Loebl Co)-made MDMG6 micro-
densitometer coupled to an American-made NOVA-4 minicomputer. The impurity content was
calculated using the MS&GC Lab-developed mathematical software. The random error in the
analysis results is characterized by a relative standard deviation 0.15-0.30. The content of noble
gases and transuranics in each given sample is below their detection threshold (0.001 ppm). The
analysis results are reported in units of mass part per million relative to metal base (1 ppm =
0.0001%).

The isotopic and elemental compositions of radioactive experimental samples were analyzed
at VNIINM. The chemical impurity content of all samples, the 2°Th content of natural thorium,
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Table 2: Isotopic composition of targets

Isotope | State Certificate Isotopic composition, %
identification number 180\ 182\ 183w 18w 186y
182W | metal 70-5 < 0.03 90.7 5.71 2.62 0.97
183W | metal 78-8 0.07 4.62 73.3 20.08 1.93
18TW | metal 31-3.a 0.3 1.9 3.9 90.3 3.6
186W | metal 85-2.a <0.02 0.66 0.49 2.45 96.4
nat\y o | metal [9]* 0.13 26.3 14.3 30.67 28.6
22Th | metal | VNIINM certificate 232Th-99.9995 %; 232Th-5-10"* %.

natJ | metal | VNIINM certificate | #1U — 0.006 %; #°U — 0.72140.004 %; #5U
— <0.005 %; 238U — 99.274+0.01 %.
9Tc¢ | metal | VNIINM certificate | %Tc - <107% %Tc - <1074 P9 Tc - >99.9999 %.

%Co | metal [9]* 100 %

3Cu* | metal 90 Cu - 99.6+0.1 %; Cu - 0.4 %.
5Cu* | metal 135 BCu - 1.3 %; Cu - 98.7£0.1 %.
Cu | metal 93-5 3Cu - 99.5 %; 9Cu - 0.5 %.
%Cu | metal 52-5 Cu - 0.3 %; ©Cu — 99.7 %.
nalHg | oxide [9]* YHg — 0.14 %; ¥®*Hg — 10.02 %; Hg —

16.84 %; Hg — 23.13 %; 2'Hg — 13.22%;
202Hg — 29.80%; 2°‘Hg — 6.85%.

Fe | metal 284 MFe-0.3%; Fe-99.54+0.1%; °"Fe-0.2%;
BFe—< 0.05%.

%8Ni metal 165 %8Ni — 99.840.1 %; “Ni — 0.19 %; %!Ni - <
0.01 %; 92Ni — 0.01 %; *Ni — < 0.01 %.

9Nb | metal [9]* 100 %

208Ph | metal 334-12 204ph - <0.01 %; 2°°Pb - 0.87 %; "Pb - 1.93

%; 28Pb - 97.2 %.

* Isotopic composition is taken from |9.
rradiated at 1.2 GeV.

and the %Tc and ?®Tc¢ content of technetium were determined by spark mass-spectrometry
technique using a JEOL JMS-01-BM spark mass-spectrograph. The error of the results is 30%.
The uranium isotopic composition was determined using a British (Micromac Co)-made Sector-54
thermal-ionizing mass spectrometer. Table 2 presents the isotopic composition analysis results.
The chemical impurity content results of Table 6 are expressed in units of mass part per million
(1ppm=0.0001%) relative to metallic base.

The occurrences of the long lived **Tc isotope (T1/5 ~ 4.2 x 10° years) in the experimental
samples were also monitored by the y-spectrometry method. Fig. 2 shows the non-irradiated Tc—
spectrum with two ~-lines of % Tc: 652.41 keV (1,=100%) and 745.35 keV (1,=102%). These lines
were used to determine the **Tc content of the technetium samples (< 107" at. %). The results
of the two methods have proved to be the same within the experimental errors
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Table 3: Chemical impurity content of high-enriched experimental samples

Target
Chemical
impurity, MFe %Nji Cu GB3Cu* %Cu % Cu*
%
Na <0.001 | 0.005
Mg 0.007 0.005
Al 0.009 0.001
Si 0.020 0.003
S <0.005 | 0.005 0.005
Cl 0.005
K 0.001
Ca 0.005 0.004
Cr 0.013
Fe 0.005 0.009 0.005 0.006 0.012
Co <0.01
Ni 0.001 0.005 0.01 <0.003 | 0.027
Cu 0.018 0.006
Zn 0.032 | <0.004 | <0.004 | <0.004
As <0.004 | <0.0005 <0.0005
Cd <0.001
Sn 0.001 0.006 | <0.001 | <0.003
Sb 0.002 <0.006 | <0.006 | 0.023 | <0.006
Pb 0.001 0.003 | <0.001 | 0.002 0.003
Bi <0.001 | <0.001 | <0.001 | <0.001
Certificate
Identification 284 165 93-5 90 52-5 135
Number

*1.2 GeV proton-irradiated.
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Table 4: Chemical impurity content of high-enriched experimental samples

Target

Chemical

impurity, 182y 183\ 184y 186\ 208pt,
%
Na <0.003 | <0.003 | <0.01 | <0.003 | 0.0005
Mg <0.003 | <0.003 | <0.01 | <0.003 | 0.0004
Al <0.003 | <0.003 | 0.013 | 0.003 <0.001
Si 0.008 0.017 0.02 0.01 0.002
K <0.01 | <0.01 - <0.01
Ca <0.003 | <0.003 | <0.01 | 0.003 0.0009
Cr <0.005 | <0.005 | <0.01 | <0.005 | <0.003
Mn <0.002 | <0.002 - <0.002
Fe 0.013 0.02 0.01 0.01 0.002
Ni <0.003 | <0.003 | 0.01 | <0.003 | 0.0003
Cu <0.002 | 0.004 | <0.01 | 0.003 0.0003
Zn <0.001
Mo 0.007 0.06 <0.03 | 0.017
Ag <0.0002
Sn <0.0003
Sb <0.001
Bi <0.0003

Certificate

Identification | 70-5 78-8 | 31-3.a | 85-2.a | 334-12
Number
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Table 5: Chemical impurity content of cobalt, niobium, mercury oxide, and natural tungsten

Target
Chemical
imourity, | Co Nb | "@HgO | "W
ppm
H ND ND ND ND
Li <0.1 | <0.07 | 0.08 40
Be <0.05 | <0.05 | <0.07 | <0.01
B 1 0.1 0.6 0.4
C ND ND ND ND
N ND ND ND ND
O ND ND Base ND
F 3 1 10 0.1
Na 10 <1 2 60
Mg 80 3 80 9
Al 200 10 60 20
Si 200 20 100 20
P 4 ND 0.6 2
S 50 8 10 40
Cl 3 4 300 50
K 20 <1 1 100
Ca 4 2 200 30
Sc 0.1 <0.6 <0.5 <0.3
Ti 200 6 400 2
\Y 2 <0.3 <0.3 5
Cr 50 3 20 30
Mn 900 0.9 7 2
Fe 300 200 300 2000
Co Base 0.2 10 9
Ni 3000 0.4 40 900
Cu 2000 4 50 10
Zn 4000 2 60 <1
Ga <0.3 20 <1 <0.6
Ge <04 | <0.5 <1 <0.7
As <0.9 | <0.2 <0.3 2
Se <04 | <04 <1 <0.5
Br <0.2 | <04 2 <0.8
Rb <04 | <0.5 <0.5 <0.6
Sr 6 <0.2 5 <0.3
Y <0.3 | <0.6 <0.7 <0.4
Zr <0.4 7 20 <1
Nb 1 Base <2 <3
Mo 7 30 <3 100
Ru <2 <0.4 <1 <1
Rh <0.5 | <0.6 <0.5 <0.5
Pd <2 <7 <1 <2
Ag <0.9 <4 <2 <0.9
Cd <3 <2 20 9
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Table 5, cont’d

Target
Chemical
impurity, | Co Nb | "HgO | "W
ppm
In <0.8 | <04 | <05 | <0.7
Sn <2 <2 60 <2
Sb <1 <2 <2 1
Te <2 <3 <2 <2
I <0.06 | <0.5 3 <0.5
Cs <04 | <0.5] <05 | <04
Ba 7 <1 100 <1
La 3 <04 | <04 <0.4
Ce 9 <0.5| <04 | <0.5
Pr 1 <04 <0.3 <0.4
Nd 20 <0.8 | <0.7 | <0.8
Sm 10 <09 | <0.8 | <09
Eu <2 <0.5 ] <0.3 <0.5
Gd <4 <0.8 | <0.8 | <0.8
Tb <1 <04 | <04 <0.4
Dy <3 | <08] <09 | <08
Ho <0.7 | <0.5| <04 <0.5
Er <3 <0.9| <09 <0.9
Tm <0.8 | <0.5 <0.5 <0.5
Yb <2 <0.9 <1 <0.9
Lu <1 <0.5 <0.5 <0.5
Hf <3 <1 <1 <1
Ta <1 300 ND <0.8
W 1000 20 <2 Base
Re <1 <0.9 <1 <0.9
Os <3 <0.8 <2 <0.8
Ir <2 <0.6 <1 <0.6
Pt <2 <0.8 <3 <0.8
Au <1 <0.6 <2 <0.6
Hg <3 <1 Base <1
Tl <0.8 | <0.7| <0.8 <0.7
Pb 800 <2 20 <2
Bi <2 <0.7 <1 <0.7
Th <2 <0.9 <1 <0.9
U <1 <0.9 <1 <0.9
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Fig. 2: y-spectra of non-irradiated **Tc.
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Having been manufactured, the experimental samples and monitors were weighed with a
SARTORIUS Co-made BP-61 analytical balance (a 1-10 *g weighing accuracy) and, then, were
"soldered"tight into polyethylene envelopes to form the Al monitor-Al interlayer-experimental
sample sandwiches to be irradiated.

In each irradiation run, a sandwich was placed normally to proton beam. The sample and
monitor manufacture precision has provided for identical geometrical dimensions of both.

In the latest experiments, the sandwich assembly and irradiation pattern was opposite to

the above, namely, the experimental sample-Al interlayer-Al monitor arrangement was used.
Table 6: Chemical impurity content of natural Uranium, Thorium, and Technetium.

Target

Chemical
impurities | U Th Te

B 0.2 0.2 | 0.08
Mg 0.6 2 20
Al 30 30 50
Si 30 30 80
P <1 <1 <1
Ca 16 16 40
Sc <1 <1 <1
Ti <1 <1 <1
Vv <0.5 | <0.5 | <0.5
Cr 6.0 0.9 3.0
Mn 5.0 3.0

Fe 200 70 100
Co <1 <1

Ni 9 1 20

Cu 10 4 50

/n 2 2 2

Ga <0.5 | <0.5 | <0.5
Ge <0.5 | <0.5 | <0.5
As <0.5 | <0.5 | <0.5

Se <0.5 | <0.5 ] <0.5
Br <0.5 | <0.5 | <0.5
Sr <0.5 | <0.5 | <0.5
Zr 3 3 6.0

Mo <0.5 | <0.5 | <0.5
Rh <0.5 | <0.5 | <0.5
Pd <0.5 ] <0.5 | <0.5
Ag <0.5 | <0.5 | <0.5
Sb <0.5 | <0.5 ] <0.5
Te <0.5 | <0.5 | <0.5

Hf 1 1 2.0
W <1 <1 1.0
Th <1 | Base | <50
U Base | <50 | <50

REE * <1 <1 <1

* Rare earth elements.
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The arrangement was chosen to preclude any additional contribution from ?2Na and ?!Na to
the experimental samples due to emission of the two nuclides from Al monitor.

The experimental samples were irradiated by two independent proton beams from the ITEP
U-10 synchrotron, namely, the high-energy (800-2600 MeV) and low-energy (80-200 MeV) beams.
Figs. 3 and 4 are the beam extraction system flowcharts

Proton heam orbit in U-10 synchroiron

External beam trajectory
201 203 302
T,
— SL
M1 sM M2 ~ir__,_—f—J’f___df MH2 \ ( —
L+ 1 \
-k—h% T | b
MH: \Eﬂl
MHz
202 % 204 301
T
201,202,...,302 - proton synchrotron U-10 magnet bloks
M1, M2 -- magnet correctors
SM - septewm magnet
SL -- sixtipol magnet lens
MH1, MHz, MHz -- target monitors for external beam observation
TK -- television system for external beam observe
T - experimental targets
Fig. 3: The 800-2600 MeV proton beam extraction system flowchart
605 604
KM
Proton heam orbit in U-10 synchrotron [o—]
— T —— —— et —
= T —
1 NP
L12
DM
603
603, 604,605 - proton synchrotron U-10 magnet bloks
KM -- kKick magnet
NP -- neutral pole
DM -- auxiliary magnet
P L1-1L2 -- magnet lens
ol C1,C2 -- correction magnet
] BM1, BM2  _ hending magnet
% TEK — television system for external beam observing
K T -- experimental targets

TR3|
TR1

Fig. 4: The 70-200 MeV proton beam extraction system flowchart.

The high-energy beam section is ellipsis-shaped with ~ 20x12 mm axes, ~ 2-10'! proton/pulse
intensity, ~ 16 min ! pulse repetition rate, and ~0.5 s pulse duration

The low-energy beam section is ~ 30 mm diameter circle-shaped with ~ 5-10° proton/pulse
intensity, ~ 16 min ! pulse repetition rate, and 100 ns pulse duration
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The geometric parameters of the beams were measured by the techniques describes in subsection
2.6.

Quite a different experimental design was used in 1200 MeV proton irradiations of high-
enriched ®3Cu and %°Cu samples. The irradiated sandwiches were stacked up, so as to order the
Al monitor #1 - sample #1 - Al interlayer - Al monitor #2 - sample #2 arrangement. Two
successive and independent irradiation runs were carried out. The sandwiches with Cu samples
were irradiated in the first run, and the sandwiches with %°Cu samples in the second. After
the irradiations, the experimental samples and the monitors were repacked into the hermetically
sealed polyethylene envelopes. The samples and monitors labelled #1 were gamma-specrometered
at ITEP. The samples and monitors labelled #2 were sent to JAERI, (Japan) to be processed
there.

The time interval between irratiations of the 3Cu and %°Cu sandwiches was sufficient for
the ITEP team to measure short-lived nuclides in *Cu sample #1.

2.3 ~-spectra: measurements and processing

After the irradiation runs, the experimental samples and monitors were measured using the
CANBERRA PACKARD Trading Corp.-made gamma-spectrometering facility (a 1.8 keV energy
resolution in the 1332 keV ®Co) 7-line) based on a coaxial GC-2518 Ge detector, a 1510 integrated
signal processor (a 6000 V power supply, a spectrometric amplifier, and a 100-MHz 8192-channel
ADC), and a SYSTEM-100 master board that emulates the multichannel analyzer performance
in IBM PC (full size PC compatible board that plugs into 8- or 16-bit slot).

Flg. 5 presents the measured 7-spectra of the ®3Cu(p,x) and ®Cu(p, z) reaction products
together with the background ~y-spectrum measured inside the lead shield measured without any
sample. Not a single unidentifiable v-line was observed in the measured spectra

The background spectrum shows the presence of natural radionuclides alone, which are
members of the 28U, 23U, 232Th series, except for y-line energy of 661keV (¥7Cs) and 344.9,
722.9keV (1% Ag). Occurrences of *"Cs and 1% Ag is due probably to the many-year operations of
the heavy-water reactor in the laboratory house, where the measurements were taken.

During the initial stage of the researches, the vy-spectra were processed by the ASPRO
code, which sought for the peaks, separated the multiplets in automatic mode, and Gaussian-
approximated the photopeaks [20].

However, the actual experiments have shown that the potentialities of the automatic-mode
processing codes get restricted when applied to the experimental y-spectra of, particularly, heavy
nuclides, which are very complicated because of a great number of y-lines and, besides, are very
unstable. Despite the fact that the Ge detector was used actually at its ultimate resolution level,
the spectra still contained numerous unstable multiplets.

In view of the above, the ASPRO code was replaced with the GENIE2000 v-spectrum
processing code |21|. The latter is advantageous in that, after a set of experimental y-spectra
have been automatically processed by interactive fitting the peaks in each spectrum, the results of
the tentative processing beyond the set can well be examined. Namely, we can find out whether
the peak regions are the multiplets or the true peaks that do not meet the search requirements,
or the spurious peaks, etc. The fitting quality is displayed as dots representing the normalized
differences between data and fitting. This particular processing mode has much improved the
quality of analyzing the measured 7y-spectra.

Figs. 6 and 7, together with table 7 exemplify the GENIE2000 operation beyond the set by
presenting the working window of the code with a fraction of the analyzed spectrum of the 800
MeV proton—irradiated " U in 15 hours after the irradiation and by displaying the processing
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Fig. 5: The measured 7-spectra of the % Cu(p,x) reaction products and the background ~-

spectrum inside the lead shield.

@ 10 Al I I T ]
2 E Ra-235+ Background 3
X = TI-208 3
S L U-235 ]
S 10 2 Pb-214 K-40 |
= 3 Ag-108 - Ac-228 Bi-214 3
g g g 137 Bi-214 E
o L i
c -3
= 10 T =
c E 3
> C 3
8 C Pb-212 h
4 M
10 = i
£ L ‘ L L ‘ L L ‘ L L ‘ L L ‘ L L ‘ L L ‘ L L ‘ L L ‘ L L ]
200 400 600 800 1000 1200 1400 1600 1800 2000
T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T T ‘ T T ‘ T T T ‘ T T T
10 & _
E - Cu-63, Ep=1200MeV 3
; Se44 5 ug ]
1 Cu-61 CUJ-/O Arfl "Cool” time = 1h -
4 L ]
10 & -
y > L J ]
E I
£ T R R I T P [ ‘LLMLMJM ¥ ﬂm\ M\Wd‘lﬂ h ||
800 1000 1200 1400 1600 1800 2000
T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T
10 —
E Cu-65, Ep=1200MeV 7
i Sc-46 V-48+ ]
r Co-58 . b
L Sc-48 Mn-52 "Cool” time = 36h _
1 2 Co-56 Sc-48 l g 5
F i K-40 (background) E
0L L | ]
E W Sl b J I 3
E VMY ]
20 7
" E m ol
£ T R R I T T R | | i ni\m‘mMM\HM IJ\“HI‘“\
200 400 600 800 1000 1200 1400 1600 1800 2000

Gamma Energy (keV)

reports. The energies of the displayed y-spectrum fragment are ranging from 770.6 kV to 796.1
kV.

The upper parts of the figures show the primary GENIE2000 processing in the automatic
mode. It is seen that the multiplets are poorly separated, the fact confirmed by the code report
(see Fig. 7). The bottom parts of the figures show the results of the additional manual fitting
in the interactive fit mode. Table 7 presents the nuclear physics characteristics of the identified
nuclides from [17] and the positions of the peaks calculated in terms of the energy calibration of
the spectrometer for all ten peaks determined by GENIE2000.

Obviously the multiplet resolution quality has got improved, permitting the codes to separate
the peaks differing by ~ 1 keV. This, in turn, permits five additional extra nuclides to be identified,
thus providing for a substantial improvement of the determination quality of the reaction product
yields.

The above processing conditions have made it possible to raise the accuracy and reliability
when analyzing the measured ~y-spectra, in particular the poorly resolved y-spectra supported by
scanty statistics.

The processed y—spectra are united to form a single file that becomes the input file for the
ITEP-developed SIGMA code. The SIGMA code plots the intensity variations of a selected -
line versus time. After that, the v—line energy and the calculated half-life are used to identify
the produced nuclides and to calculate their cross sections by formulas (26-29),(36) using nuclear
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Fig. 6: Results of primary processing the of y-spectrun by GENIE2000 in automatic mode (a) and
of additional manual processing in interactive fit mode (b).

decay data from the PCNUDAT database [17], [18]. It should be noted that the information

26



a

OT4ET No 0GNacTH =i
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Fig. 7: The GENIE2000 report on the parameters of processing the found peaks. The legend in
(a) (b) is the same as in Fig. 6.

Table 7: Nuclear physics characteristics of identified nuclides

Nuclide | Ty, Energy, keV | Energy, keV | v-abundance,
(PCNUDAT) (GENIE) %
1 1321 2.295 h 772.60 772.58 75.6
2 | BlTe 30 h 773.67 773.48 38.9
3 8 Br |35.30 h 776.517 776.64 83.5
4 %Nb |23.35h 778.224 778.33 96.45
5 | 29At | 5.41h 781.90 781.96 83.5
6 | ¥°Ce | 17.7h 783.590 783.43 10.6
7| 2Bi 108 m 786.4 786.15 9.5
8 138 py 212 h 788.70 788.25 100.
9 | 29At | 5.41h 790.20 790.34 63.5
10| BTe 30 h 793.75 793.82 14.1

(experimental design, experimental sample parameters, spectrometer calibration data, measured
y-spectra, y-spectrum processing results, calculation results, etc.) to be used in the measurements
can be retrieved from the ExpData laboratory database. The format of the stored and continuously
refreshed data is selected in such a way that the easiest access is reached with minimum storage
space.
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2.4 Determination of the spectrometer characteristics

The very great number of radioactive reaction products from proton irradiation of experimental
samples generate a high-intensity ~y-radiation, particularly in the very beginning of the post-
irradiation period. Therefore, the measured y-spectra are explicitly of extremely complicated form.

Any possible instability of the spectrometer performances is able not only to hamper the data
acquisition and processing, but also to distort the eventual results. That is why the stability of
the spectrometer performances was very carefully analyzed throughout the reported researches.

2.4.1 Determination of admissible measurement conditions

The parameters that define the admissible measurement conditions include

— The time-temperature stability,

cascade effect summation,
— ultimate spectrometer load,

— height and energy dependences of the absolute spectrometer detection efficiency.

The temperature stability was maintained by producing stable microclimatic environment
in the measurement room of the laboratory.

Spectrometer stability is assessed by regular measurements of "?Eu ~-spectrum. The
many-year observations (see Fig. 8) indicate that the position fluctuations of the photo peak
detection maximum of the 121.78 keV, 778.90 keV, and 1408.01 keV ~-lines in the channels
around their means are mostly within 0.10 %.

The observed temperature drift of the instrumental line in the measured y-spectra is allowed
for by continuous calibration of the spectrometer, thereby making it possible to keep the errors
at a 0.1-0.3 keV level when measuring the 7-line energy of irradiated samples. This permits a
significant reduction of the number of the nuclide v-lines, which must be included as contributing
additionally to the cross section of a respective reaction yield.

Fig. 9 presents the overall statistics for the spectrometer stability.

Quantitative estimates of detection loss due to high loads of the spectrometer were
obtained by the two-source method. One of the sources (3"Cs) was placed at a fixed height H
that determines the y-source - Ge detector distance, while another source (***Eu) was at a height
that decreased during measurements. The position of the first source provided for a moderate load
of the spectrometer, and the position of the second source imitated an increasing load inherent to
the measurements.

Fig. 10 shows the variations of the peak area and energy resolution of the 37Cs ~-line versus
spectrometer load.

Conforming to these results, the ultimate load of the spectrometer did not exceed 5% in all
of the measurements.

To remain within that limitation, we started monitoring the experimental samples at a ~500
mm height and, as the load decreased, the monitoring descended down to the ultimate height of
40 mm. In such a way, the cascade summation effects were reduced.

Experimental estimates of the cascade summation effects obtained using 2*Na and ®Co at
a 40 mm height have shown that the effects are within statistical errors. The independent and
cumulative yields of the reaction products in formulas (26)-(29), (36) were calculated using the
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Fig. 9: The overall statistics of the spectrometer time stability.

height-energy dependence of the absolute spectrometer efficiency. Therefore, this characteristic
was very carefully tested and traced.

2.4.2 Determination of the absolute height-energy detection efficiency of spectrometer.

The absolute spectrometer detection efficiency for the energy, which corresponds to the ~-
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Fig. 10: Load characteristics of spectrometer.

energy of the measured source, can be presented as

P So

Eabs — A—77

(45)
where S, is the count rate in the total absorption peak (count/s); 7 is the absolute y-abundance
A is the rated y-source activity reduced to the measurement moment The rated ~y-source is taken
to be the OSGI-3 #9402 set of samples certified by the D.I.Mendeleev VNIIM institute. The
set comprises *Mn, "Co, ©Co, 88Y, 109Cd, 13Sn, ¥3Ba, 137Cs, ¥9Ce, "?Eu, #28Th, and®''Am.
Besides, ??Na was used from the OSGI #237 set certified by VNIIFTRI.

The source activity and the nuclear data used to calculate the absolute efficiency were taken
to conform to the their technical certificate [22].

Fig.11 shows the results of experimental determining the absolute detection efficiency of the
spectrometer at different heights.

In practice, a high accuracy has to be attained in the analytical energy dependences of the
detection efficiency. The dependences were calculated as follows.

When taken at each fixed height H on double logarithmic scale, the energy dependence of
the absolute spectrometer detection efficiency is well-known to be a smooth curve that approach
a straight line and turns into a linear dependence above 100 keV. The dependence can conveniently
be simulated using the spline-least squares technique, i.e., fitting the experimental dots by polynomials
within some energy ranges and by joining the polynomials over their eigenvalues and first derivative.
The polynomial coefficients are determined by the least squares method and are used then to find
the absolute spectrometer efficiency for the desired energy and height.

If the entire measured energy range is broken into two intervals, the polynomial coefficients
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Fig. 11: Experimental absolute detection efficiency of the spectrometer versusy-source position
height above the detector. The spline-least squares simulated absolute efficiency at H = 80 mm
at is also shown.

will be found by minimizing the quadratic functional:

N1 mi+1 . 2 No ma+1 ‘ 2
R=3) (111(51) - b (IHE)]1> Wit Y (111(51) — > Pugjn - (In E)Jl) Wi+
i=1 j=1 i=1

i=1

mi1+1 mo+1
+ Py +my+3 - (Z Pj-(In Eo)' ™" — Z Prgjen - (In EU)J_I) !
j=1

j=1
mi+1 4 ma—+1 '

e (Z (= 1) Py (InEe) ™= 3" (j = 1) Py - (In E>) (46)
7j=2 7j=2

where N7 and N, - are the numbers of experimental dots in the first and second intervals,
respectively; m; and mq are the degrees of polynomials in the two intervals; ¢; are the experimental
values of the absolute detection efficiency at energy FE;; W; is inverse to the squared relative
error ;; Ey is the energy range boundary point; P, ..., Py, +m,+2 are the polynomial coefficients;
Py vmg+3s s Py tma+kt2 are the indefinite Lagrangian coefficients for the jointing up to the (k-
1)-th derivative, inclusive.

Minimizing the functional R as

OR
or,

leads to the set of linear equations

0, 1=1,2,---,mi+mo+k+2 (47)
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with the matrix M for third-degree polynomial and jointing at the boundary point over the
values of the functions and their first derivatives

My Mo M3 M4 0 0 0 0 L 0
Moy Mao Mo3 Moy 0 0 0 0 ln?o %
2
Ms1  Mss Mss Mzs 0 0 0 0 (In o) In Eo
My Mas Mas My 0 0 0 0 (In 50)3 3(In Ey)
0 0 0 Mss Mse Ms7 Mss *% 0
0 0 0 0 Mes Mee Mer Mes —ln.#‘ —% (49)
o 0 0 0 M Mg Moz Mg (In Eo) In B
0 0 0 0 Mss Mss Mgz Mss (In E/‘O) —3(In Ey)
1 In Eqg (ln E0)2 (111 Eo) 1 _ In Eqg (ln Eo) _ (ln Eo)3 0
2 f 2 2 f 3 2 9
0 5 In Eg (ln Ey) 0 -3 7LnE0 —5(In Ey) 0 0
where
(
M= Wi-(mE)7™  ij=1 4
<
Ny o
Ml]:ZWk'(lnE)?ﬂim Z:]:5:787
\ k=1
Vector B in the right-hand part of (48) may be presented as
(
ZWk In(eg) - (In B)&? i j=1,--- 4
<
ZWk In(eg) - (In )52 i, i =5, .8
Solving (48), we get the sought parameters P of spline function:
P=M".B, (50)
The calculated absolute detection efficiency at energy E is
k+3 .
e(E)=exp|> Pi-(nE)"" (51)
i=k
where
k 1, for In E < In E
)5, for nE >InE,
The error of the calculated spectrometer detection efficiency is calculated as
5 k+3 k+3 '
A =c¢- XF SN Mt (E)TF By (52)
i=k j=k
N1+N> ) 1
D S e e
i=1 i



where £°¢ (E;) is calculated by formula (51); A; is the absolute error in the experimental
value of detection efficiency at energy E;. F' = N; + Ny —my — mg + k — 3,
Here, k-1 is the highest order of the derivative for jointing at point In Ey (E;=300 keV). Table

8 presents the results of experimental determining the parameters of the analytical dependence of
detection efficiency. The errors in the results are presented in Table 9.

Table 8: The values of the analytical dependence parameters of the detection efficiency curve for

H — 80 mm.
Py Ps P; Py
E<300keV | -46.631378174 | 23.883819580 | -4.3730840683 | 0.25755405426
Ps Ps P7 Pg
E>300keV | -3.5564117432 | 0.77763748169 | -0.24309635162 | 0.011581897736

Table 9: The error matrix of the analytical dependence parameters of the detection efficiency

curve for H — 80 mm.

Matrix elements for E<300 keV

M;1=17.465349666

M;2—-10.492000118

Mi3— 2.0872481010

My4—-0.13747284173

M4;=-10.492000118

My,=6.3094165872

Mo3=-1.2563955076

M= 0.082824350573

M3, = 2.0872481010

M3,=-1.2563955076

Mzz— 0. 2.5041482285

M;3,=-0.016521865357

My =-0.13747284173

Myo= 0.082824350573

M,3=-0.016521865357

My4= 0.0010909378058

Matrix elements for E>300 keV

Ms5—12.828705422

M;56—-5.8112015601

M;57=0.87201911548

M;55—-0.043361273067

Mgs—-5.8112015601

Mge— 2.6347925077

Mg7—-0.39573831006

Mgg—0.019696373292

M75—=0.87201911548

M76—-0.39573831006

M77—0.059494783759

M75—-0.0029639407716

Mg5=-0.043361273067

Mg=0.019696373292

Mg7=-0.0029639407716

Mgg=0.00014780140661

Fig.11 presents also the shape of the analytical dependence of the absolute spectrometer
detection efficiency at H =80 mm, as calculated using the above coefficients.

As seen from Fig. 11, the above techniques can be used to calculate the analytical dependence
parameters of the detection efficiency at other heights (H = 40, 60, 100, 200, and 375 mm).

This approach was not realized in terms of the given techniques because the actual conservation
requirements of the peak spectrometer load have forced measurements at different heights, so
the situation got much deteriorated also because the measurements had to be made often at
intermediate heights.

Since the coefficients Ay, A;, Ay in formulas (17) and (18), or Ay in formula (34), are
determined by fitting the y-ray intensities 5'11- u 5'21. or Slsumi, the vy-spectrum processing must be
followed by renormalization of all the coefficients to a single height (say, 80 mm), whose analytical
dependence of absolute detection efficiency is known. This procedure is realized using the relative
coefficients, which can be calculated by different techniques. The simplest technique is to calculate
the desired "height"coefficients for each of the energies via the respective curves of the analytical
dependences of the absolute detection efficiency.

As mentioned above, however, the measurement procedure is difficult to unify because
the experimental sample compositions and the irradiation conditions vary significantly, so the
intermediate heights of measurements occur actually in all cases. Therefore, the approach has
been developed, which avoids any extra measurements in determining the analytical dependences
of the analytical dependences of absolute detection efficiency at intermediate heights.
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The dependence of the absolute spectrometer detection efficiency on height H was simulated
further by analyzing the detection efficiency ratios egi /ehi, eqd Jebi, etdo Jela elio Jeli il [l as
functions of energy logarithm.

The analysis results displayed in Fig.12, demonstrate that the slope of the detection efficiency
curve varies (increases) with height H.

14 — 7 —
,I m

12

10

Ratio of absolute efficiencies

Energy [keV]

Fig. 12: The detection efficiency ratios at heights H = 60, 80, 100, 200, and 375 mm, as reduced
to H=40 mm.

The dependence of the efficiency curve slope on height H was determined by treating the
variations in the detection efficiency as a function of H at fixed values of y—energy. Fig.13 shows
the typical plots of the dependence at 121.78 keV, 778.90 keV, and 1408.01 keV, which can properly
be described by the function

G*'(H)=A-(B+H)* (54)

where G*(H) is inverse to the spectrometer detection efficiency at distance H; A and B are
parameters.

At each y—energy, the parameters A and B were determined by minimizing the quadratic

functional
N

R1=Z[G;‘—A-(B+Hi)2}2-% (55)

=1 ?
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where N is the number of experimental height points at each of the energies; A; is the absolute
error in G;.

The functional R, was minimized by nonlinear least squares method, so the function presented
by formula (54) was Taylor series-expanded in the parameters A and B up to linear terms in the
vicinity of point (Ag, By), which is the initial approximation for the iteration process. In this case,
the functional R; takes the form

N
Ry = [Gf— Ay (Bo+ Hi)? — (Bo + Hy)? - €4 — 240 - (By + H;) - €3]

1=1

1
~=  (56)
A%,
where £4,&p are some addends to the initial values of the parameters Ay and By, which linearly
enter the approximating function and, hence, can be found from the set of linear equations
resultant from the condition of Ry minimum in &4, £p:

0R, 0R,
9 _ g, 2 g, 57
e, Vg, (57)
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On substituting (56), the set (57) takes the form

M1 (g) _7 (58)

where

AZ
=1 v
Y 1
Z = Z (G7 — Ao+ (Bo + H,)*] + (Bo + H;)* - A2
=1 7
S 1
Zy =[G = Ao+ (Bo+ H)’] 240 (Bo+ Hy) - 5

=1 v

The augmentations €4,y are determined from the set of linear equations (58)

(Z) =M1 Z (59)

After that, we obtain the following approximation of the parameters A and B

A=A+ &a
B, =By +¢&B

and the process is repeated ab initio, with A; and B; being substituted for Ay and By in formulas
(56) — (59), untill the conditions

2 < eps, = < eps, (60)

are satisfied. Here, eps is small, for instance, 107°.

After that, the parameters A and B are taken to be their values from the last approximation,
while the errors are calculated as

2 1 X2 2 1 X2
where
N 2 1
XQZZ[Gj_A‘(B+Hi)2} VA (62)

i=1 v
M1y, M1 are the diagonal elements of the inverse matrix of the set of linear equations
(58) for the last iteration step; F' = N — 3.

This procedure of determining the parameters A and B was realized for the ~—energies
supported by experimental data (see Fig. 11). Fig. 14 shows the resultant dependences of the
parameters A(E;) and B(E;).
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Fig. 14: The approximation coefficients A and B versus energy

From Fig. 14 it is follows that the parameter A is quite properly described by linear function
within a broad energy range, while the parameter B can be represented by the linear function of

energy logarithm:

{A(E) =q+q@- K
B(E) =¢3+ qs - In(E)

(63)

The parameters ¢; and ¢y, ¢3, and g4 were determined by least squares method using the
above-obtained values of A; and Ay,, as well as B, u Ap,, via minimization of R, and Rj,

respectively:
l 1
RQZZ(Ai_(h_QQ‘Ei)Q' Az
=1 Az
N 1
Ry = Z(Bz —q3 — Q4'1HEz')2 : AQB
=1 i

where N is the number of experimental points.

Minimizing the functionals R, and Rj leads to two sets of linear equations:

8R2 aR3

— =0 — =0
8(]1 a(]1
ORs OR3
— =0 — =0
0qs gy

or

M2;; - <QI> =7y M3, - <q3> =7y,
42 44
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where

( Noq 4 N 4
My =3k B =Y e
i=1 — Ak i=1 AAk
Vo Vo (68)
M3y =3 5o (B2 Z3=3 5 - (B
i=1 — Bk i=1 — Bk
L
On solving the set (68), we get the sought parameters ¢, g2, g3, g4 and their errors:
<q1> = M2 7y (q?’) = M3 7y (69)
q2 q4
A :Mz..l-ﬁ (i=1,2); A2:M3ﬁ1-§ (i=3,4) (70)
3 F ) I qi 17 F )
where
N N
X2A:Z(A’L_q1_q2'E’i)2—27 XQB:Z(Bi—%—(M'hlE) 3 F=N-3.(7)
i=1 A i=1 B;
The resultant values of the parameters are summarized in Table 10.
Table 10: Values of parameters
Parameter Value Parameter Value Parameter Value
1 38.16 M2, 2.8638 M314 3.881x10~*
Q2 0.2982 M212 = M221 - 1.108 % ]_0_2 M312 = M321 - 6.094 x ]_0_5
qs -8.663x1073 M24yy 5.610x107° M 399 9.751x107°
qa 4.184x10 2 X4 1.989 X% 1.436

It should be noted that the expression (54) can be used to calculate the absolute spectrometer
detection efficiency ¢ and the error oz basing on the above-tabulated parameters and using the

formula
1

“(E, H) = i (72)
(CI1+CI2'E) . [Q3+CJ4'1HE+H]
e Oe 2. 0e O X2
AZ = ——M2;" + M3t 2B 73
Ly y S h

i=1 j=1 =1

The folowing techniques are proposed to use in practice when determining the absolute
spectrometer efficiency. At height H = 80 mm, which has been supported by sufficient experimental
data and affected but little by the cascading effects, the spline — function coefficients have been
obtained, and the values of the absolute spectrometer efficiency and its errors are calculated by
formulas (51) and (52).

At the remaining heights, the absolute spectrometer efficiency can be calculated in terms of
(72) using the expression

(g5 + ¢4 - In E +80/100) 17
(¢ + q1 - In E + H/100)

(74)

EH — €80 °
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where £g is the detection efficiency at H= 80 mm.

The error ey can be calculated by the error transfer formula:

(75)

Aeso] ’ L4 (H/100 — 80/100)? - (M3} +2M33 -In E + M35} - (InE)?) - x%

A<2€H = [ 2 2
[g3 + g4 - In E + 80/100]" - [g3 + ¢4 - In E + H/100]

€80

where ¢3 and ¢4 are the parameters determined by formula (69); M31-_j1 is the inverse matrix M 3;;
determined by formula (67).

Fig. 15 shows the simulated curves of absolute spectrometer efficiency calculated by formula
(74) at the reference 80-mm height. Additional measuring the absolute detection efficiency at
some intermediate heights (H = 150, 250, and 550 mm) has testified a high reliability of the above
techniques
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H:200mrrl
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Fig. 15: The simulated absolute spectrometer detection efficiency calculated by the spline-least
squares method.

From Figs. 11 and 15 it follows that the above techniques permit quite an adequate description
of the experimental values of the absolute spectrometer efficiency at any height and can correctly
reproduce the variations induced by height H in the slope of the energy dependence curve of the
spectrometer efficiency on double logarithmic scale.

The proposed techniques permits calculations of the absolute spectrometer efficiency in the
100 keV + 2600 keV range at heights 40 mm <+ 550 mm within a relative error of 3-10%. At
relatively low energies (<120 keV) and in the energy ranges supported by scanty experimental
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points, the error approaches 10%. This is quite sufficient in practical usage because the reaction
product v-lines analyzed here belong to the range above 100 keV.

2.5 Extracted proton beam energies

Knowledge of the extracted proton beam energy is very urgent because our experiments are
eventually aimed at obtaining the energy dependence, i.e. the excitation functions of the proton-
induced reactions.

As mentioned above, our experiments are made using the ITEP proton synchrotron, wherefrom
monoenergetic proton beams are extracted. The I'TEP proton synchrotron is a cycling ring machine
that accelerates protons to a maximum energy of up to 9.3 GeV. The injection energy of the
synchrotron is 25 MeV, so the 70-200 MeV and 800-2600 MeV protons are quite acceptable for
experiments and applications. During acceleration, the proton energy is measured allowing for
one of the basic synchrotron characteristics, namely, the unchangeable closed orbit length for the
circling protons. So, the proton energy can readily be estimated by measuring the proton rotation
frequency f,:

E()C
B =—2C__ _F,
k /702_112]? 0

where E is kinetic energy of the circling proton; Ey—=938.26 MeV is proton mass; L=251.21
m is the closed orbit length, ¢ = 2.99776 x 10® m/s is speed of light. The f, value is multiple to
the accelerating radio frequency:

(76)

fa = hfr (77)

where h=4 is a harmonic number: f, is the accelerating radio frequency that varies within a
1.07 MHz - 4.85 MHz range. The f, signal is formed properly, so there is no problem in measuring
the f, values accurated within 10~% and even better. The error of energy measurements is energy-
dependent and can be calculated as

AE 3 AfN\? (ALY
—t =g o) 4 (2L (78)
Ek Y= 1 fa L
where [ is the proton velocity equal to Lf,/hc; 7 is the relativistic factor equal to 1/4/1 — 2.
The value of L is known up to a relative error of 1074,

The proton beam is transferred to the low-energy transport channel using a fast extraction
system with a kicker magnet, and to the high-energy transport channel using a slow extraction
system with a septum magnet placed behind the vacuum chamber aperture. The bending angles
of the above magnets are 20 mrad and 17 mrad, respectively.

Since, in transporting the beam to the experimental sample irradiation site, a small fraction
of the beam energy gets lost in proton interactions with the transport channel structure materials,
the loss is allowed for as

E, = E, — 0E, (79)

where E;C is the proton beam kinetic energy at the experimental sample location; § F, is the
energy loss in the channel between the extraction and the target calculated by formula §F;, =
(dE/dx)X, which is valid because the total thickness (X) of the structure materials along the
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beam path is insignificant and, hence, the specific loss for ionization dE/dxz may well be assumed
to be constant.

The geometry and composition of the transport channel structure elements are known to
within a very high accuracy, so the expression for calculating the error in the incident proton
energy 1s

dE, = \/(dE})? + [d(dE/dz) X ]2 (80)

Table 11 presents the experimental proton beam energies and their errors as calculated by
formulas (76-80).

The energy of the extracted low-energy beam can readily be checked experimentally by
measuring the longitudinal dose distribution (the Bragg curve) in a water-filled phantom.

{( ___ 4) Di;i//j: O |

Fig. 16: A schematic of proton beam transport and experimental equipment for determining the
longitudinal dose distribution. 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14.

Fig. 16 is a schematic of the experimental facility used in the measurements. The facility
is a three-coordinate displacement system of a quasi-point semiconductor (SC) dosimeter, which
is a purpose-designed 1.25x1.25x1.25 mm? silicon-based SC detector of a 0.25 micron sensitive
volume depth placed inside a homogenous medium called the water-filled phantom. The sensitive
volume is located on the silicon crystal surface and is separated from water by a 12-micron thick
opaque polymer foil. The phantom front wall is 3-mm thick lucid plate. The accuracy of the SC
dosimeter displacement along a given coordinate is 0.25 mm. The SCD was oriented normally
to the proton beam. The SCD signal was normalized to the signal from the induction sensor of
proton flux.

I~

Four curves presented in Fig. 17 have been plotted from the runs of measuring the longitudinal
dose distribution (the Bragg curve) of the 0.07, 0.10, 0.13,and 0.2 GeV proton beams. The proton
range length is defined by the abscisa that corresponds to 83% of the highest dose at some point
of the Bragg curve descending segment. The proton beam energy at the phantom inlet point was
found by comparing the resultant proton range length in water with the tabulated data of [32].

Within the experimental errors, the coincidence between the energies measured by two
independent methods indicates that the value of energy is true and that the measured excitation
function represents that value quite correctly.

Another parameter affecting the character of the presented values is the incident proton
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Fig. 17: Longitude dose distributions in a water-filled phantom.
beam energy spread AFE}) found usually through the momentum spread dp/p.

The dp/p value for the ITEP synchrotron beam is close to £0.5% during injection (Ey—25
MeV, pp=220 MeV /c) and decreases as a function of k = y/po/p during acceleration in the relevant
energy range.

The proton beam energy spread AEj/Ej, is an additional parameter of the beam, which has
to be taken into account when analyzing the experimental results. The AFEj values are presented
in Table 11.

Table 11: Energy and spread of energies in the experimental proton beam.

Proton beam Proton energy Energy
energy in ring, | at sample irradiation point | spread AFE,
(GeV) points, (GeV) (GeV)
0.070 0.0672 0.0006
0.100 0.0970 0.0006
0.130 0.1267 0.0007
0.150 0.1468 0.0008
0.200 0.1966 0.0011
0.8 0.802 0.002
1.0 0.995 0.003
1.2 1.119 0.003
1.4 1.393 0.003
1.5 1.500 0.003
1.6 1.600 0.003
2.6 2.602 0.004

2.6 Neutron background

The proton beams extracted from accelerators include not only primary protons, but also
secondary particles (neutrons, protons, 7 mesons, and gammas) produced in the primary proton
interactions with the structure materials of the transport channels and shielding. Identical reaction
products can be produced in interactions of various secondaries with an experimental sample.
Since any particular nuclear reaction, which generates a given nuclide, cannot be identified in the
measurements, the extracted proton beams have to be tested and specified thoroughly.

Solid state nuclear track detectors (SSNTD) were used earlier in the experiments to discriminate
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the neutron component in the proton beams [6]. Later, direct v spectrometry was used for the
purpose. The SSNTDs of an improved geometry with a collimating grid were used to record the
fission fragments from a fissile layer, thereby improving the absolute detector efficiency.

An SSNTD with a 61.5 pg/cm? 2*Bi layer was used to measure the proton flux density.
The 29Bi was selected because the cross section for its fission induced by secondary neutrons is
small compared with that induced by primary protons (G2gi(n,5) << 0209gi(,)). The neutron
flux density was measured using an SSNTD with a 880 pg/cm? 2"Np layer. Glass was used to
record the fission fragments.

The following experimental design was adopted. An extracted proton beam irradiates a 2*Bi-
containing a sandwich (Bi layer + collimator + glass), while similar sandwiches with 2"Np layers
are placed along a line normal to, and at distances of 20-435 mm from, the beam axis. In the
experiments, the neutron-to-proton flux density ratio, ®,,/®,, was determined as

209Bi 209BZ'
= /5 Ty oy N &2
n/¥p — g " 237Ny A2 Np
T, 7 f poONTNP &

n,

(81)

where T and T, are numbers of measured tracks of 2" Np and ?*?Bi fission products, respectively;
N Np and N**Bi are numbers of the 2"Np and 2°Bi nuclei; & and & are, respectively, corrections
to the 23"Np and 2%Bi layers, which allow for the anisotropy of fission-fragment ejection and for the
variations of the solid angle of fission-fragment ejection through the collimator grid; 0;?;Bi is the

237

. . e 23Ty, . . .

cross section for proton-induced **Bi fission; 7, ; "* is the weighted mean **’Np neutron-induced
bl

fission cross section calculated as

__ Jou(E)2(E)dE
7T T Te(B)dE
where x - 29Bi(n,f), 2"Np(n,f), 27 Al(n,p)?*"Mg, 2"Al(n,a)?*Na, and 2"Al(n,x)?*Na.

(82)

237Np

The calculated mean-weighted cross section En‘ s was taken to be 550 mbarn. The cross

section for the proton-induced 2*Bi fission, o, 7, was taken from [23].

The experiments were made with 200, 800, and 2600 MeV proton beams. Fig. 18 shows the
resultant @, /®, ratios as functions of the the distance perpendicular to the proton beam. The
®,, /@, ratio right in the proton beam was estimated by extrapolating the peripheral results to the
center and proved to be about (0.3-2)%.

The feasibility of distinguishing the (n,p) reactions from (p,x) reactions has permitted an
alternative pattern of direct y—spectrometry. Namely, Al samples were irradiated, and 2” Al(n,p)*" Mg
(a ~ 2.5MeV threshold), [?"Al(n,a)?*Na (a ~5.5 MeV threshold) + 2"Al(p,x)?*Na (a ~25 MeV
threshold)|, *Al(},x)**Na (a ~25 MeV threshold), and *"Al(},x)"Be (a ~25 MeV threshold)
reaction rates were measured, in the beam center and periphery. The ?"Al(n,p)?"Mg reaction
characteristics have made it possible to detect 2’Mg in the experimental 2 Al samples positioned
normally to the proton beam axis in the beam center and at distances of 40-430 mm from the
beam axis.

The experimental design was as follows. Three rectangular 35x40 mv? Al plates were irradiated.
The proton beam was focuses on a a 10.5-cm diameter Al sample fastened at the plate centre.
The plates and the experimental sample were all of the same 100-mm thickness. Five peripheral
10.5-m diameter, 1.6-mm thick Al samples, together with five SSNTDs (a sandwich of a glass
plate, a collimating grid, and a thin 2"Np fissile target) were placed normally to the proton
beam at distances of 20-460 mm from the central sample. After irradiation, two rectangular plates
were cut to form the vertical and horizontal 2-mm thick strips. Measurements of their y-spectra
made it possible to determine the ?’Na yields in the vertical and horizontal projections. Since
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SSNTD measurements
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Fig. 18: The neutron-to-proton mean flux density ratios versus distance from the proton beam
axis calculated using: (1) the SSNTD measurements (upper plot); (2) 27 Al(n,p)?" Mg measurements
(bottom plot).

the concentration of ?*Na in Al plates is proportional to proton beam intensity, the geometric
dimensions of the beam can be determined accordingly

The third plate and the central sample were used to determine the proton fluence incident
onto the central sample and the total fluence of the beam particles. In this case, the mean neutron-
to-proton flux density ratio in the beam is estimated as

— 7Be,22Na,24Na 27Mg
®n = X /Tnyp (83)
®, N'BeBNeNa/NTMg _ 5 7Be 22Na,24Na/— 2TMg
_ 22 _ 24 _7 . .
where &, M9,5,"Ne 5 " Na G B¢ are the above reaction cross sections mean weighted with
22 24
respect to the neutron spectrum, as calculated by formula (82): o pgfva,ap Na and apBe are the

2T Al(p,x)%*Na, 27Al(p,x)?2Na, 27Al(p,x)"Be; reaction cross sections N No, N*”*Ne N*"Mg y N'Be gre
numbers of 2*Na, 22Na, 2’Mg, and "Be nuclei produced in Al samples, Wlth due allowance for their
decay under irradiation.

The techniques described above were used in the experiments with the 70, 100, 130, 200,
800, 1000, and 2600 MeV proton beams The neutron spectrum ®(FE)) used to calculate the mean-
weighted 2%Bi(n,f), 2"Np(n,f), 2’ Al(n,p)*’ Mg, *’Al(n,a)?*Na, and ?"Al(n,x)??Na reaction cross
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Fig. 19: The mean neutron-to-proton flux density ratio in the proton flux versus proton beam
energy. The calculations were made using the experimental y-spectrometry data.

sections was estimated by the LAHET code. The excitation function of theses reaction were
retrieved from the MENDL2 database [29]. The 2" Al(p,x)*'Na reaction cross section used in the
reported researches has been obtained under the reported Project (see below, Table 12). The results
are presented in Fig. 19, which demonstrates that the neutron-to-proton flux ratio is 0.8-2%.

As seen from Fig. 18, the neutron component estimates obtained by the both techniques
(SSNTD and ~-spectrometry) are alike.

It should be noted that the neutron background effect must be allowed for (via the (n,z)
reactions) in some of the targets. The allowance can essentially be made using, for example,
the background neutron spectra simulated by the LAHET Code System for appropriate proton
energies and the excitation functions from the MENDL2 database. However, this particular type
of researches falls outside the scope of the agreed workplan and technological assignment under the
given Project. On the other hand, the accuracy of the like predictions is now dubious in virtue of
the below-discussed imperfection of the simulation codes and their associate databases as applied
to the studied class of nuclear reactions. This is why the said allowance is subject to separate
researches, which may be realized later (using, in particular the Uppsala neutron beams)

Beside the neutron background estimation, the above descibed method allows the shape and
cross section of proton beams to be determined. The shapes of the 0.2, 0.8, and 2.6 GeV beams
are presented in Fig. 20. It should be noted that the 0.8 GeV beam was defocused deliberately to
confirm the validity of the method.

2.7 Monitor reactions

The 2" Al(p,x)?*Na monitor reaction was used in most cases, and the " Al(p,x)*'Na reaction
in but a few cases of short-term irradiations. At present, the use of the latter reaction is not
regarded as quite correct when monitoring proton flux because the (n,a) reaction can contribute
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Table 12: The monitor reaction cross sections averaged over irradiation runs

Proton energy, | The ?"Al(p,x)**Na The measured reaction cross sections.
GeV monitor cross Shown in brackets are the errors disregarding/allowing
sections [10] for the 2" Al(p,x)?*?Na reaction cross section error
*TAl(p,x)**Na *TAl(p,x)"Be
0.067 244+ 14 113+ (0.5/0.8) 0.76 = ( 0.20 / 0.21 )
0.097 191+13 110+ (03/08) 0.97 = (0.07 / 0.10 )
0.127 170 £ 1.3 10,1 £(0.3/0.8) 1.14 £ ( 0.06 / 0.11)
0.147 16.1 + 1.2 9.8+ (04/0.8) 1.44 £ (0.11 / 0.16 )
0.197 15.1 £ 0.9 0.8 L (04/07) 148 = (0.04 / 0.10)
0.8 55£00 |127=(03/08) 6AE(03/04)
1.0 15.0 £ 0.9 130+ (08 /L1) 75+ (03/05)
1.2 14.6 £ 1.0 129+ (0.3 /09) 83+ (02/06)
1.4 13.9£1.0 128+ (04/1.0) 9.0+ (03/07)
15 135 £ 1.0 12.4:|:(0.3/10) S8 = (03/07)
1.6 132+ 1.0 116 £ (0.3/09) 8SOL(02/07)
2.6 11.7 £ 0.9 106 £ (0.3 /09) 92+ (02/07)

to the ?Na production, resulting in an overestimation of the mean proton flux density. That
is why the neuton background generated during proton irradiation of experimental samples was
measured to a high accuracy, as described in Subsection 2.6.

As noted above, an extremely low neutron background was recorded, thus refuting the
claim that the 2"Al(p,x)?*Na monitor reaction cannot be used. In turn, this has led to the idea
that the ~Nag/”Nag and "Beg/”Nag ratios should be measured additionally and, respectivelly,
“Nag and "B¢o should be calculated, because the recommended 27Al(p,x)**Na, 27Al(p,x)"Be, and
2"Al(p,x)*?Na monitor reaction data, which were obtained and used elsewhere to joint the short-
and long-term irradiation data, can lead to significant systematic errors.

Since ?*Na, "Be, and ?2Na are produced when irradiating one and the same experimental
sample, the ratio of their cross sections can be presented as

024Na,7Be B A;4Na,7Be ()\775)22Na F*Na 1+< 22 Naq) / 22NaCI))
0-22Na N AézNa ()\776)24Na,7Be F24Na,7Be x 1+< 24Na, Beq) / 24Na 7Beq)>

(84)

where t;,, is irradiation time of a single sample; t;,., = [(K — 1)T + 7.

Since the ®,/®, ratio is ~ 0.8 — 2% at proton beam energies 0.07-3.0 GeV, the calculations
of the cross section ratio get simplified:

24 7 24Nq "B 22 22
o Na, Be AO a, be ()\776) a F Na
22Na 22 Ng, 24Na,"Be ['24Na,”Be

g AO ()\/)75) F

(85)

The measurement results are presented in Table 12 and displayed in Fig. 21.

Table 13 presents the nuclear-physics characteristics of the given nuclides used in the calculations
by formula (85).
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Table 13: Nuclear-physics characteristics of the nuclides produced in the 27Al(p,x) monitor

reactions.

Beam Intensity (arb. units)

10

7.5

25

Fig

Product ~— energy ~—abundance T2
(keV) (%)
2Na 1369.0 100 (14.9590+0.0012) h
2Na 12745 99.94440.014  (2.608840.0014) y
"Be 477.6 10.5+0.6 ( 53.2940.07) d

Extracted Proton Beam Shapes
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Fig. 21: 2"Al(p,x)?*Na reaction cross sections measured at ITEP and elsewhere.
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3 EXPERIMENTAL RESULTS.

The results of determining the yields of reaction products in the targets listed in Table 1 are
presented in Tables 16, 18, 20, 22, 24, 26, 28, 30, 32, 34, 36, 38, 40, 42, 44, 46. Table 14 shows
total amount of measured reaction product yields different types in each experiment.

It should be emphasized that in some of the isobaric chains (about 1% of the data), the
cumulative yield of parent nuclide exceeds the cumulative yield of its daughter (**¥Pt and 'Ir,
for example). Surely, this fact cannot be explained essentially in terms of the physics of the studied
processes. Nevertheless, in case the excess is within the experimental errors, the appropriate data
are presented in the tables of yields. The common case is a sufficient smallness of the independent
yield of daughter nuclide compared with the cumulative yield of its precursor. The cases of the
excess beyond the experimental errors are excluded from the tabulated results. The discrepancies
are most probably due to, for instance, inadequate values of the absolute y-abundances of the
analyzed nuclides and/or the fact that the daughter nuclide has a still unidentified short-lived
isomeric state with a high branching ratio of the mother nuclide decay into an isomeric state
and a low branching ratio for isomeric transition. These cases are to be analyzed in the pending
researches.

The 2"Al(p,x)??Na reaction was used in all the experiments to monitor the proton flux, except
for some cases ("Pb 1.5 GeV) where the " Al(p,x)?**Na reaction was used. Table 12 presents the
cross sections of the two monitor reactions.

3.1 Experimental errors

As seen from Tables 16 — 46, the experimental errors are within ~ (6 + 35)%. The experimental
errors were calculated as follows. Since the reported results were mostly obtained by averaging
a few (0; & Ao;) values, which were calculated on the basis of their -lines, their mean and the
experimental errors were calculated as

The A7 value was calculated by the techniques [19]. The AT was taken to be the highest of
the Ao’ and Ac” values calculated as:

AF = \/Zz W; (E - ‘71)’2 (87)

o 1
AT :”ZiWi . (88)

The total error in the measured yields was calculated making allowance for the monitor error:

)G )

The errors in the independent and cumulative yields of the reaction products for separate
7-lines, which vere obtained via formulas (32) and (33), were determined using the error transfer
formulas [19].

49



Table 14: Number of measured reaction product yields of different types in each experiment.

Experiment Yield type Total
i c | iEmy) | (Xm;+g)
182W, E,—0.2 GeV | 3 22 3 1 3 32
2W E,—0.8 GeV | 5 52 6 1 6 70
I82W, E,—1.6 GeV | 10 84 3 6 6 109
W, E,—0.2 GeV | 4 23 3 1 4 35
18W, E,—0.8 GeV | 6 55 6 2 7 76
B3W, E,=1.6 GeV | 12 84 3 6 6 111
BIW, E,=0.2 GeV | 4 23 3 1 5 36
BIW, E, =08 GeV | 7 55 6 2 7 77
BIW, E,=1.6 GeV | 12 85 3 7 7 114
180W, E,—0.2 GeV | 4 23 3 1 5 36
186w E,—0.8 GeV | 4 48 5 1 4 62
186W, E,—1.6 GeV | 13 87 3 8 8 119
"W, E,=2.6 GeV | 10 100 4 9 6 129
232Th, E,—0.1 GeV | 10 58 2 9 8 87
232Th, E,=0.2 GeV | 16 80 4 18 10 128
Z32Th, E,=0.8 GeV | 15 78 11 15 11 130
Z32Th, E,=1.2 GeV | 22 140 13 19 20 214
Z32Th, E,=1.6 GeV | 22 143 13 18 16 212
"4t E,=0.1 GeV 12 74 3 9 10 108
"y, E,—0.2 GeV 15 77 3 15 13 123
"y, E,—0.8 GeV | 21 122 15 17 20 195
"y, E,—1.2 GeV | 22 146 15 22 21 226
naly, E,—1.6 GeV | 23 151 15 22 20 231
9Tc, E,—0.1 GeV 4 9 0 3 2 18
9Tc, E,—0.2 GeV 4 21 0 9 5 39
9Tc, E,—0.8 GeV 10 40 3 11 8 72
9Tc, E,—1.2 GeV 8 39 2 12 6 67
9Tc, E,—1.6 GeV 10 44 3 11 10 78
39Co, E,—0.2 GeV 6 17 0 3 3 29
*9Co, E,=1.2 GeV 7 26 0 4 4 41
*9Co, E,=1.6 GeV 7 26 0 4 4 41
*9Co, E,=2.6 GeV 7 26 0 4 4 41
%3Cu, E,=0.2 GeV 9 12 1 3 4 29
%Cu, E,=1.2GeV | 10 27 2 4 4 47
%3Cu, E,=1.6 GeV 11 22 1 4 4 42
%3Cu, E,—2.6 GeV | 11 22 1 4 4 42
%Cu, E,—0.2 GeV 8 13 1 4 3 29
%Cu, E,~1.2GeV | 13 29 2 5 5 54
%Cu, E,—1.6 GeV | 10 26 1 5 5 47
%Cu, E,—2.6 GeV | 10 27 1 5 5 48
"'Hg E,—0.1 GeV | 4 17 1 10 12 44
"alHg E,—0.2 GeV | 6 27 6 12 14 65
"iHg E,=0.8 GeV | 9 57 11 12 14 103
"i'Hg E,—1.6 GeV | 8 90 13 16 14 141
*Fe, E,=2.6 GeV 5 24 1 3 3 36
%8Ni, E,=2.6 GeV 9 21 1 3 4 38
%3Nb, E,—2.6 GeV 6 56 2 12 8 85
208ph, E,—1.0 GeV | 8 65 11 15 15 114
Total 472 | 25693 | 209 | 388 387 4050

i — independent yields of ground states, ¢ — cumulative yields, ¢* - supra-cumulative yields,
i(¥m;) - independent yields of metastable states,
i(¥m;+g) — summed independent yields of metastable and ground states.
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The uncertainties in the nuclear data (absolute values of y—abundances and monitor reaction
cross sections) were found in the relevant analysis to make the major contribution to the total
error.

It should be noted that all the experimental reaction product yields have been obtained using
the nuclear decay data from the PCNUDAT database, or if not found there, from the Tables of
Isotopes Handbook (8th Ed.) |17, 18].
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3.2 Experimental yields for **W irradiated with 0.2, 0.8, 1.6 GeV protons.

Table 15 presents the parameters of ¥2W irradiations. Table 16 presents the yields of residual
nuclide products measured.

Table 15: Parameters of '¥2W irradiation.

E,  Sample Monitor Irradiation  Proton  Number of measured EXPDATA
(GeV) weight  weight  duration Flux ~ -spectra of index
(mg) (mg) (min) p/cm? sample/monitor
0.2 143.1 109.2 60 2.1 x 10¥° 48 / 8 w182200
0.8 178.6 109.9 60 4.1 x 101 47 /8 w182800
1.6 170.4 109.8 60 3.1 x 10" 49 /11 w18216g

Table 16: Experimental yields from '82W irradiated with 0.2, 0.8, 1.6 GeV protons.

Product Ty, Type Yields [mbarn| at

0.2 GeV 0.8 GeV 1.6 GeV
181Re 19,9h i 132 +18 4584072 3.71 £0.61
1Re 19,5m i 21.7 + 2.5 - -
178\ 21,6d c 70.6 + 8.2 - -
Ay 135m c 7044+ 80 254 +29 19.4 + 2.4
176\ 2,5h c 84.1 4+ 7.1 — —
Y 31m c 80.6 + 9.0 - -
18374 5,1d c 0.548 4+ 0.117 1.14 £+ 0.22 -
1827y 114,43d c - 2.04 +024 224+ 0.34
I8mTy  236h  i(ml+m2) 9.024+0.61 9.39 +0.98 7.98 &+ 0.71
176 8,09h i(m+g) 25.3 + 3.1 - -
176 8,09h c 112. £+ 8. 509+ 43  389+39
1757 10,5h c 109. £ 8. 4934+ 48 2944 4.2
1747y 1,14h c 105. + 11. 51.5+ 55 439 +5.9
1747y 1,14h i 2424+ 43  38.1+438 -
1737 3,14h c* 113. £ 8. - -
1737 3,14h c - - 31.5+ 34
1727 36,8m c* 51.2 + 4.3 - -
17Ty 23,3m c* 10.0 £ 1.4 - -
181 ¢ 42,39d c - - 0.187 + 0.025
175t 70d c 120. £ 9. 56.3 + 4.1 39.0 + 3.4
13t 23,6h c 115. £+ 8. 60.2 4+ 44 386+ 3.2
13t 23,6h i - - 6.20 + 2.75
12t 1,87y c 86.8 + 58  479+33 305 +29
1Tyt 12,1h c 7234+ 57 481 +48 305+ 3.3
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Table 16, continued.

Product Ty, Type Yields [mbarn| at

0.2 GeV 0.8 GeV 1.6 GeV
1Ot 16,01h ¢ 084+ 43 49.0 £ 4.3 276 £ 2.9
1B3Tu 1,37y ¢ 106. £ 8. 26.7 £ 4.0 38.5 £ 3.5
12T 6,70d  i(ml4m2+g) 1.17 £0.09 3.68 £0.40 2.95+ 0.26
12T 6,70d ¢ 879 £ 6.0 51.7£ 3.6 33.9 £ 3.5
Ty 8,24d i(m+g) 12.6 £ 3.1 9.61 £3.79 4.72 + 2.23
My 8,24d c 849+ 58 578439 352429
MLy 2,012d  i(m+g) - 404 £225 7.25+1.97
Ly 2,012d c 608+ 3.9 511441 322427
69,y 34,06h c 415433 503+ 38 269+ 2.2
1671 51,5m c - 53.5 4+ 4.8 2744 4.4
169Yh 32,026d ¢ 48,6 £ 3.1 58.0 £ 44 32.1 £ 2.6
167yh 17,5m ¢ - 049 £5.3 -
166y, 56,7h c 163+ 1.1 523436 3154+ 3.1
162y} 18,87m c - 449+ 6.2 395+ 5.7
167 Tm 9,25d ¢ - 60.6 &= 12.2 36.3 £ 5.2
166 m 7,70h ¢ 159+ 1.1 56.2+40 31.8 &£ 3.2
166 m 7,70h 1 - 3.71 £0.76 0.264 £ 0.357
165Tm  30,06h c 10.7+ 0.8 573442 321428
163Tm 1,810h c* - 7.5 £ 3.8 374 £ 3.7
161 m 33m c* - 412 £ 7.1 -
161 m 33m ¢ - - 33.5 £ 6.8
161y 3,21h ¢ - 473 £ 4.2 282 £ 3.8
160Ey 28,58h ¢ - 044 £4.3 32.7 £ 3.2
19Er 36m c* - 09.4 £ 4.2 40.3 £ 6.0
156 gy 19,5m ¢ - 30.2 £ 3.1 -
160mHo 5,02h ¢ - 06.5 + 4.7 32.6 &£ 3.2
9o 33,05m c - 54.4 + 4.2 -
1%6Ho o6m ¢ - 38.1 £ 3.0 246 £4.9
157Dy 8,14h ¢ - 44.6 =+ 3.4 31.5 £ 29
155Dy 9.9h c* - 36.2 + 3.9 -
155Dy 9,9h ¢ - - 292 £ 26
153Dy 6,4h ¢ - 213 £ 1.8 223 £ 2.5
152Dy 2,38h ¢ - 201 £1.3 203 £ 1.7
1357 5,32d ¢ - 36.7 £ 3.3 30.0 £ 2.5
153, 2,34d c* - 20.0 + 2.6 -
15T 2,34d ¢ - - 255 £ 2.7
1527 17,5h ¢ - 229 £ 2.0 20.6 £ 2.1
1517 17,609h ¢ - 235 £ 3.1 20.7 £ 1.8
150, 3,48h c - 124419 132+ 21
9T 4,118h ¢ - 10.3 £ 0.8 10.1 £ 0.8
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Table 16, continued.

Product Ty Type Yields [mbarn| at

0.2 GeV 0.8 GeV 1.6 GeV
18T, 60m c — 134 £ 1.0 149 +£1.3
47T, 1,7h c - - 3.43 4+ 0.41
193Gd 240,4d c - 28.0 + 2.4 24.1 + 2.4
151Gd 124d c - - 20.6 + 2.0
149Gd 9,28d c - 26.0 + 2.3 27.6 + 2.3
UGd 38,06h c - 19.4 £ 1.3 25.6 £ 2.2
16Gd 48,27d c — 19.1 + 1.2 26.3 + 2.1
145Gd 23,0m c - - 21.0 + 2.2
149Ey 93,1d c - - 30.6 + 2.5
148y 54,5d i - 1.14 £ 0.23 -
WTEy 24.1d c - 22.5 + 1.9 28.8 + 2.4
146 Fy 4,61d c - - 33.6 &+ 3.0
146 Fy 4,61d i - - 7.22 4+ 1.00
145Ey 5,93d c - 13.9 £ 1.0 22.8 + 1.9
144py 363d i - - 0.569 + 0.074
143pm 265d c - - 22.8 + 2.3
139mNd 5,5h i(m) - - 2.51 + 0.34
13TNd 38,5m c - - 373+ 5.1
136Nd 50,65m c - - 17.6 £ 1.8
139Ce 137,640d c - 6.02 £+ 0.39 21.8 £ 1.8
135Ce 17,7h c - - 182+ 1.4
134Ce 3,16d c - - 17.0 £ 1.6
133Ce 4,9h i - - 3.02 + 0.34
132Ce 3,51h c - - 13.8 £ 1.6
1321 4 4,8h c - - 136 £ 1.5
133Ba 3848,9d c - - 172 £ 2.5
13184 11,50d c - - 14.8 £ 1.1
128B4 2,43d c - - 11.6 + 1.1
129Cg 32,06h c - - 147+ 14
127X e 36,4d c - 0.936 + 0.086  11.1 4+ 0.9
125X e 16,9h c - - 9.84 + 0.80
123X e 2,08h c - - 109 £ 1.0
12lmTe 154d i(m) - - 0.314 + 0.041
21T 19,16d c - - 6.88 + 0.58
19mTe 4,70d c - - 1.11 £ 0.10
9Te 16,05h c - - 4.82 + 0.40
138 115,09d c - - 3.05 + 0.27
106m A o 8,28d i(m) - - 0.872 £ 0.093
105A¢ 41,29d c - - 1.69 £+ 0.18
% T 4,284 i(m+g) — 0.330 &+ 0.030 0.745 + 0.066
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Table 16, continued.

Product Ty Type Yields [mbarn| at

0.2 GeV 0.8 GeV 1.6 GeV
9m Mo 6,85h i(m) - - 0.662 + 0.066
9ONb 14,60h C - - 1.12 £ 0.11
8971 78,41h C - - 1.61 £ 0.13
887y 83,4d c - 0.346 + 0.074  1.19 & 0.13
8y 106,65d  i(m+g) - 0.486 + 0.054 0.550 + 0.143
8Y 106,65d c - 0.836 + 0.066  2.24 + 0.25
A% 79,8h c* - 0.978 £ 0.096 -
858y 64,84d c - 0.912 £ 0.082 1.93 £ 0.18
8TRb 79,8h c* — — 2.01 + 0.17
81Rb 32,77d  i(m+g) - 0.552 + 0.045 0.735 + 0.084
8Rb 86,2d ¢ - 0.890 & 0.122  2.12 + 0.28
Se 119,779d c — — 1.57 £ 0.23
"As 17,77d i - 0.563 £ 0.066 0.921 £ 0.108
09m7n 13,76h i(m) - - 0.319 + 0.033
MFe 44.,472d c - 0.281 + 0.030 0.503 + 0.051
2Fe 8,275h c - - 0.265 + 0.109
54\ n 312,11d i - - 1.08 & 0.21
2Mn 5,591d c - - 0.220 £ 0.049
8y 15,9735d c - - 0.252 £ 0.038
188 43,67h i - - 0.429 + 0.045
BMg 20,915h c - - 0.388 + 0.042
21Na 14,9590h c - - 1.84 + 0.15
"Be 53,29d i - - 5.12 + 0.58
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3.3 Experimental yields for ®3W irradiated with 0.2, 0.8, 1.6 GeV protons.

Table 17 presents the parameters of *¥W irradiations. Table 18 presents the yields of residual
nuclide products measured.

Table 17: Parameters of '83W irradiation.

E,  Sample Monitor Irradiation  Proton  Number of measured EXPDATA
(GeV) weight  weight  duration Flux ~ -spectra of index
(mg) (mg) (min) p/cm? sample/monitor
0.2 141.0 120.6 60 9.5 x 10% 40 / 7 w183200
0.8 137.8 107.9 52 4.0 x 101 52 / 10 w183800
1.6  140.8  108.2 15 12 x 107 33 /8 w18316g

Table 18: Experimental yields from '83W irradiated with 0.2, 0.8, 1.6 GeV protons.

Product Ty, Type Yields [mbarn| at

0.2 GeV 0.8 GeV 1.6 GeV
183Re 70,0d i(m+g) 5204046 1.69 £ 0.33 —
182Re 64,0h i 3.91 + 0.41 - -
181Re 19,9h i 224+29  6.29 £ 0.99 4.60 + 0.76
1"9Re 19,5m i 19.8 + 3.7 - -
178y 21,6d c 65.5 £ 10.5 - -
ALY 135m c 64.9 + 7.8 24.6 £ 2.8 17.7 £ 2.2
176y 2,5h c 74.9 £+ 10.1 — —
ALY 31m c 71.8 + 8.4 - -
184y, 8,7h c - 0.564 + 0.123 -
183 5,1d c 2.71 £ 0.29 5.53 4+ 0.39 4.69 £ 0.45
182 114,43d c 12.3 £ 1.0 20.9 + 1.3 19.0 £ 1.5
178m Ty 2,36h  i(ml+m2) 11.540.8 109+ 1.5 8.79 £ 0.77
176y, 8,09h i(m+g) 392+ 8.1 - -
176y, 8,09h ¢ 118. + 9. 54.1 + 4.7 43.1 + 4.3
175y, 10,5h c 108. + 8. 52.2 + 5.1 30.2 £ 4.4
14Ty 1,14h c 104. + 11. 53.8 + 5.8 30.1 £ 3.9
14Ty, 1,14h i 32.0 £5.5 454 £ 5.8 16.1 + 5.4
173y, 3,14h c* 94.8 + 8.2 - -
173y, 3,14h ¢ - 51.2 + 8.0 30.0 £ 3.2
172 36,8m c* 48.0 &+ 5.2 - -
171y, 23,3m c* 8.16 + 1.22 - -
I8LHf 42,39d c - 0.653 + 0.074 0.581 + 0.064
19myf  25,05d i(m2) - 0.305 &+ 0.063 -
15 70d ¢ 121. + 9. 60.2 + 4.3 42.1 + 3.7
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Table 18, continued.

Product Ty, Type Yields [mbarn| at

0.2 GeV 0.8 GeV 1.6 GeV
1S HE 23,6h ¢ 107. £ 7. 62.8 £ 4.6 41.3 £ 3.5
13 Hf 23,6h 1 - - 8.77 £ 2.73
12t 1,87y ¢ 76.2 +£54 51.8 £ 3.6 33.7+ 29
Ligf 12,1h ¢ 69.9 £ 5.2 484 £ 4.2 31.0 £ 3.8
L0t 16,01h ¢ 50.1 £ 41 46.7 £ 4.1 254 £ 2.8
1Ly 1,37y ¢ 101. £ 8. 09.6 £ 5.7 42.1 £ 3.8
1721 6,70d i(ml+m2+g) 1.68 + 0.18 556+ 045 4.01 £ 0.35
12T 6,70d ¢ 79.0 £ 56 57.0£4.0 38.2 £ 3.3
Ty 8,24d i(m+g) 5.12 £1.25 15.6 £ 3.0 8.40 = 3.05
Ly 8.24d c 750 + 54 640+ 43 394+ 3.3
Ly 2012d i(mtg) - 13.6 £24  13.0 £ 2.8
10Ty 2,012d ¢ 51.5 £3.6 584 £ 4.7 34.9 £ 3.0
69,y 34,06h c 354442 532440 297+ 2.4
1671 51,5m c - 53.1+ 4.7 284435
19Yh 32,026d ¢ 380+ 26 629 =£5.0 36.2 =+ 3.0
167y h 17,5m ¢ - 60.8 £ 5.9 -
166 56,7h ¢ 11.0 £ 08 56.9 £ 4.0 35.0 £ 3.5
162y, 18,87m c - 409453  21.7 + 4.0
168 Tm 93,1d 1 - - 0.676 £ 0.101
6TTm 9,25d c - 64.4 4+ 13.0 404 + 5.6
166 m 7,70h ¢ 11.6 £ 0.8 61.2 £ 4.3 36.0 £ 3.6
166 7,70h 1 - 6.78 £ 1.39 1.08 £ 0.50
165Tm 30,06h ¢ 6.75 £ 0.69 63.6 £ 4.6 36.4 £ 3.2
163 Tm 1,810h c* - 60.9 £ 5.1 36.7 £ 4.1
61T m 33m c* - 422+ 74 -
61T m 33m ¢ - - 26.6 = 4.9
16l gy 3,21h ¢ - 01.8 £ 4.6 33.4 £ 3.5
10Er 28,58h ¢ - 09.6 £ 5.3 36.6 £ 3.6
19Er 36m c* - 60.6 £ 4.2 36.0 £ 5.5
156Ey 19,5m ¢ - 25.3 £28 -
160m g 5,02h ¢ - 08.9 £ 5.2 39.1 £ 3.9
1%9Ho 33,05m ¢ - 04.1 £ 5.6 -
1%6Ho o6m ¢ - 384 £ 3.2 225+ 26
156Ho o6m i - 12.8 + 3.5 -
157Dy 8,14h ¢ - 47.3 £ 3.6 35.5 £ 3.3
155Dy 9,9h c* - 38.1 £ 2.8 -
155Dy 9,9h ¢ - - 325 £ 2.8
153Dy 6,4h ¢ - 229 £ 2.0 26.2 £ 3.0
152Dy 2,38h ¢ - 202 £1.3 225+£19
1357 5,32d ¢ - 37.6 £ 3.3 32.7 £ 2.8
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Table 18, continued.

Product T/ Type Yields [mbarn| at

0.2 GeV 0.8 GeV 1.6 GeV
153Th 2,34d c* — 30.6 + 2.7 —
153 T 2,34d c - - 29.3 4+ 3.3
152, 17,5h c - 22.7 4+ 2.0 24.1 + 2.5
151Th 17,609h c - 23.7 + 2.5 239+ 2.1
150 3,48h c - 12.0 £ 1.8 13.7 £ 22
19T 4,118h c - 9.67 &+ 0.66 10.7 £ 0.9
W8T 60m c — 11.0 + 0.9 142 4+ 1.3
7T 1,7h c - - 3.10 + 0.51
193Gd 240,4d c - 27.2 + 2.1 28.8 + 2.7
1B1Gd 124d c - - 234 + 2.2
149Gd 9,28d c - 25.3 + 2.3 30.8 + 2.5
WiGd 38,06h c — 19.4 + 1.3 27.7+ 2.3
146Gd 48,27d c - 17.6 £ 1.1 28.3 + 2.3
45Gd 23,0m c - - 131 +£23
49Ey 93,1d c - - 35.1 + 2.9
B D 54,5d i - 1.48 + 0.34 -
O 24,1d c - 21.5 + 1.8 30.9 + 2.7
M6 Ey 4,61d c - - 36.5 &+ 3.2
M6 Ey 4,61d i - - 6.93 4+ 1.02
Bl O 5,93d c - 133 £ 1.0 25.0 + 2.1
144py 363d i - - 0.521 £+ 0.138
43py 265d c - - 26.1 + 2.7
139mN( 5,5h i(m) - - 3.16 & 0.46
137Nd 38,5m c - - 29.5 + 3.4
136N 50,65m c - - 159 +£ 1.7
139Ce 137,640d ¢ - 5.65 + 0.36 24.0 £+ 2.0
135Ce 17,7h c - - 194 £ 1.5
134Ce 3,16d c — — 17.1 + 1.7
133Ce 4,9h i - - 3.99 4+ 0.47
132Ce 3,51h c - - 159 +£1.3
132] 4 4,8h c - - 14.6 £ 1.6
13384 3848,9d c - - 171 £ 1.8
13184 11,50d c - - 15.8 £ 1.2
128B4 2,43d c - - 124 +£1.2
12905 32,06h c - - 159+ 1.6
127X e 36,4d c - 0.907 £ 0.091  12.0 + 1.0
125Xe 16,9h c — — 10.3 £ 0.8
123X e 2,08h c - - 11.2 +£1.0
12lmTe 154d i(m) - - 0.404 + 0.075
21T 19,16d c - - 7.50 £+ 0.65
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Table 18, continued.

Product T1/o Type Yields [mbarn| at

0.2 GeV 0.8 GeV 1.6 GeV
OmTe  4,70d C - - 1.19 + 0.13
19T 16,05h ¢ - - 5.22 + 0.45
113Gy 115,09d ¢ - - 3.18 £ 0.27
106m A & 8,28d i(m) - - 0.794 £+ 0.072
105Ag 41,29d C - - 1.54 + 0.15
% T 428d  i(m+g) - 0.323 + 0.026  0.827 £ 0.075
%BmMo  6,85h  i(m) - - 0.624 = 0.071
9ONb 14,60h C - - 1.68 4+ 0.23
897r 78,41h c - - 1.72 £ 0.14
87r 83,4d c - 0.308 £ 0.116  1.17 £ 0.10
8Y 106,65d  i(m+g) - 0.649 £ 0.115  1.04 = 0.10
8Y 106,65d c - 0.970 +£ 0.074  2.20 + 0.18
8Ty 79,8h c* - 1.04 + 0.07 -
85y 64,84d c - 1.06 £0.16  1.92 + 0.18
8TRb 79,8h c* — — 2.00 + 0.25
81Rb 32,77 i(m+g) - 0.641 £ 0.055 0.750 £ 0.074
83Rb 86,2d c - 0.968 + 0.113  1.84 & 0.21
753 119,779d ¢ - - 1.90 + 0.22
™As 17,77d i - 0.582 £+ 0.058 0.917 + 0.120
69mzn 13,76h i(m) - - 0.367 £+ 0.044
MFe 44.,472d c - 0.405 £ 0.050 0.659 = 0.063
5Mn 312,11d i - - 1.21 +0.13
>2Mn 5,591d c - - 0.190 £+ 0.038
Y 15,9735d c - - 0.276 £+ 0.032
8Sc 43,67h i - - 0.410 £+ 0.059
Mg 20,915h ¢ - - 0.362 £+ 0.070
2Na 14,9590h c — — 2.04 £+ 0.18
"Be 53,29d i - - 4.52 4 0.51
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3.4 Experimental yields for **W irradiated with 0.2, 0.8, 1.6 GeV protons.

Table 19 presents the parameters of **W irradiations. Table 20 presents the yields of residual
nuclide products measured.

Table 19: Parameters of '¥*W irradiation.

E,  Sample Monitor Irradiation  Proton  Number of measured EXPDATA
(GeV) weight  weight  duration Flux ~ -spectra of index
(mg) (mg) (min) p/cm? sample/monitor
0.2 182.6 20.6 60 1.0 x 10* 44 / 8 w184200
0.8 181.5 108.7 40 2.5 x 10™ 43 / 12 w184800
1.6 181.2 109.2 60 3.1 x 10" 46 / 10 w18416g

Table 20: Experimental yields from %*W irradiated with 0.2, 0.8, 1.6 GeV protons.

Product Ty, Type Yields [mbarn| at

0.2 GeV 0.8 GeV 1.6 GeV
181Re 38,0d i(m+g) 3.03 £ 0.43 — —
183Re 70,0d i(m+g) 115+ 1.1  3.61 +0.33 3.14 £ 0.71
182Re 64,0h i 6.22 + 0.64 - -
181Re 19,9h i 239+ 3.1 742+ 1.16 4.84 + 0.79
1Re 19,5m i 18.2 £ 2.0 — —
178y 21,6d c 76.0 £ 9.3 - -
ALY 135m c 58.3 £ 6.9 23.4 + 2.7 15.0 £ 1.9
176y 2,5h ¢ 73.1 + 6.4 — -
ALY 31m ¢ 60.0 £ 6.9 - -
184 8,7h c - 0.950 + 0.085 0.763 % 0.097
183 5,1d c 971 £0.73 212415 194+ 1.6
182, 114,43d c 12.1 £ 1.1 18.6 + 1.2 16.7 + 1.4
178m Ty 2,36h  i(ml1+m2) 12.2 4+ 0.9 12.1 + 1.8 9.84 + 0.83
176y, 8,09h i(m+g)  34.1 £4.0 - -
176y, 8,09h c 109. + 8. 45.6 £ 4.2 33.9 £ 3.7
175y, 10,5h c 100. + 8. 45.7 £ 5.3 274+ 3.9
14Ty, 1,14h c 88.0 £ 9.6 50.0 £+ 5.5 29.3 + 3.6
14Ty, 1,14h i 27.9 + 4.4 40.2 + 5.6 22.0 + 4.1
173y, 3,14h c* 85.9 + 6.5 - -
173y, 3,14h ¢ - 46.8 + 4.4 28.2 + 3.0
172y, 36,8m c* 40.5 + 4.4 - -
171y, 23,3m c* 5.59 + 0.80 - —
I8IHf 42,39d ¢ - 1.24 4+ 0.11 1.18 + 0.10
19myf  25,05d i(m2) - 0.294 + 0.036 0.372 + 0.051
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Table 20, continued.

Product Ty, Type Yields [mbarn| at

0.2 GeV 0.8 GeV 1.6 GeV
IS HE 70d C 111. £ 9. 06.7 £ 4.2 38.0 £ 3.3
IS Hf 23,6h C 93.3 £ 6.5 58.6 +44 36.6 + 3.2
IS Hf 23,6h i - 11.5 + 2.7 8.68 + 2.34
17241 1,87y c 659+ 48 475+ 3.3 284+ 28
IHf 12,1h C 441+ 3.6 444 £ 5.0 275 £ 2.8
1O f 16,01h C 328 £2.8 51.3+49 244 £ 2.2
8Ly 1,37y ¢ 85.0+ 6.8 589 +44 39.3 + 3.6
12T 6,70d  i(ml4m2+g) 1.77 £0.14 589 £+ 0.60 4.46 + 0.38
214 6,70d ¢ 67.8 £5.0 55.8 £ 3.7 33.1 £ 34
Ty 8,24d i(mtg)  145£21 167+42 869+ 1.75
Ly 8,24d C 08.6 4.2 61.1 4.2 36.2 £ 3.0
10Ty 2,012d i(m+g) - .77 £3.70  9.60 + 2.06
0Ly 2,012d c 389427 540444 329+ 2.8
69T,y 34,06h c 9504+ 24 507435 275+ 2.2
67 51,5m C - 53.9 £ 5.0 259 + 3.7
169yh 32,026d ¢ 28019 614+£4.5 34.0 £ 2.7
67yh  17,5m c - 61.2 + 5.8 -
166yh 56,7h ¢ 6.51 +£0.49 539 + 3.8 32.7+ 3.3
162yh  18,87m ¢ - 427446 251+ 6.0
68T 93,1d i - - 0.900 & 0.112
167Tm 9,25d ¢ - 61.4 £ 124 371 £5.1
66Ty 7,70k c 6.98 + 0.59 59.0 + 4.2 342+ 3.4
166m 7,70h i - 518+ 0.76  1.53 + 0.38
165T'm 30,06h ¢ 3.89 +£0.31 593 +44 33.9 + 3.0
163 m 1,810h c* - 99.9 + 4.5 36.8 £ 3.7
161 m 33m c* - 42.7+ 74 -
161 33m ¢ - - 29.4 £ 5.7
W61y 3,21h C - 48.0 + 4.3 28.2 + 3.0
60F 98 58h ¢ - 54.6 £ 4.6 34.4 + 3.4
159Ey 36m c* - 56.0 + 3.9 35.7+ 5.4
156Ey 19,5m ¢ - 20.0 £ 2.9 -
160m o 5,02h C - 06.2 £ 4.7 36.7 £ 3.6
1%9Ho 33,05m c — 54.1 £ 3.9 —
156Ho o6m C - 379+ 29 23.2+ 2.8
156Ho o6m i - 175+ 4.6 -
TDy 8,14h C - 43.6 + 3.4 33.0 £ 3.0
155Dy 9,9h c* - 30.1 £ 26 -
155Dy 9,9h ¢ - - 294 £ 2.5
133Dy 6,4h C - 21.6 + 1.8 25.0 + 2.3
152Dy 2,38h C - 185 + 1.2 208 + 1.7
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Table 20, continued.

Product T/ Type Yields [mbarn| at

0.2 GeV 0.8 GeV 1.6 GeV
155Th 5,32d C - 35.3 & 3.2 31.8 £ 2.7
1537}, 2,34d c* - 271 + 2.5 -
1537}, 2,34d ¢ - - 26.2 + 2.9
1527}, 17,5h ¢ - 20.1 £ 1.9 22.5 + 2.3
151 17,609h C - 20.0 £ 1.5 225+ 1.9
150Th 3,48h C - 10.2 £ 1.6 12.6 £ 2.0
149 4,118h C - 7.79 £+ 0.55 9.12 4+ 0.77
48T 60m C - 8.61 & 0.72 13.2 £ 1.1
) 1,7h C - - 2.77 + 0.28
153Gd 240,4d C - 25.0 & 2.2 27.6 £ 2.7
151Gd 124d C - - 21.6 £ 24
WGd 9,28d c — 22.1 + 2.0 27.8 + 2.3
U7Gd 38,06h ¢ - 172 £ 1.1 25.7 + 2.2
16Gq 48,27d ¢ - 15.0 £ 1.0 25.1 + 2.0
1534 23,0m ¢ - - 19.7 + 2.3
H9Ey 93,1d ¢ - - 31.5 + 2.6
H8Ey 54,5d i - 1.39 + 0.29 -
H4TEy 24,1d ¢ - 185 £ 1.5 28.6 = 2.5
H46Ey 4,61d ¢ - - 35.7 £ 3.5
M6 Ey 4,61d i - - 10.1 £ 1.8
WEy 5,93d ¢ - 10.9 £ 0.8 227+ 1.9
144 pyy 363d i - - 0.612 += 0.177
143pm 265d ¢ - - 23.0 £ 24
139mN( 55h  i(m) ~ ~ 3.46 + 0.49
137TNd 38,5m ¢ - - 28.4 + 3.4
136N d 50,65m ¢ - - 15.2 £ 1.5
139Ce 137,640d ¢ - 4.69 + 0.31 22.1 4+ 1.8
135 17,7h ¢ - - 181+ 1.4
134Ce 3,16d ¢ - - 15.0 £ 1.4
133Ce 4,9h i - - 3.27 £ 0.36
132Ce 3,51h ¢ - - 145 + 1.2
132] 3 4,8h c — — 142 + 1.4
1333, 3848.9d ¢ - - 16.6 + 1.8
1318y 11,50d ¢ - - 143+ 1.1
128Ba 2,43d ¢ - - 116 + 1.1
129Cs 32,06h c - - 144 +14
127X e 36,4d ¢ - 0.710 £ 0.117  10.8 £ 0.9
125Xe 16,9h c - - 9.15 £ 0.76
123X e 2,08h ¢ - - 9.73 £+ 0.84
121m e 154d  i(m) - - 0.475 + 0.052
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Table 20, continued.

Product Ty Type Yields [mbarn| at

0.2 GeV 0.8 GeV 1.6 GeV
21Te 19,16d c — — 6.65 £ 0.56
119mTe 4,70d c - - 1.03 £+ 0.11
119 16,05h c - - 4.48 + 0.52
113Gy 115,09d c - - 2.71 £+ 0.25
106m A o 8,28d i(m) - - 0.849 + 0.104
15Ag 41,29d c - - 1.46 £ 0.15
BT 4,284 i(m+g) — 0.261 4+ 0.024 0.706 + 0.066
BmN\o 6,85h i(m) - - 0.728 + 0.067
ONb 14,60h c - - 0.841 + 0.146
897r 78,41h c - - 1.42 £+ 0.12
87r 83,4d c - 0.341 + 0.133  1.03 £ 0.10
8y 106,65d  i(m+g) — 0.441 4+ 0.095 0.804 + 0.286
8y 106,65d c —~ 0.782 + 0.079  1.74 + 0.38
8Ty 79,8h c* —~ 0.664 + 0.063 —~
853y 64,84d c - 0.866 + 0.128  1.63 £+ 0.16
8TRb 79,8h c* - - 1.59 + 0.14
8Rb 32,77d  i(m+g) — 0.496 + 0.050 0.758 + 0.087
8Rb 86,2d c —~ 0.756 + 0.078  1.51 + 0.18
“As 17,77d i - 0.453 £ 0.054 0.796 £ 0.090
69mzn 13,76h i(m) - - 0.280 + 0.034
MFe 44,472d c - 0.287 £+ 0.034 0.502 £ 0.062
2Fe 8,275h c - - 0.278 + 0.057
5 Mn 312,11d i - - 0.859 + 0.100
52Mn 5,591d c - - 0.184 + 0.023
8y 15,9735d c — — 0.209 % 0.042
83c 43,67h i - - 0.511 £ 0.048
BMg 20,915h c - - 0.444 + 0.042
24Na 14,9590h c - - 1.90 + 0.16
"Be 53,29d i - - 4.27 4+ 0.46
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3.5 Experimental yields for '®W irradiated with 0.2, 0.8, 1.6 GeV protons.

Table 21 presents the parameters of W irradiations. Table 22 presents the yields of residual
nuclide products measured.

Table 21: Parameters of '8¢W irradiation.

E,  Sample Monitor Irradiation  Proton  Number of measured EXPDATA
(GeV) weight  weight  duration Flux ~ -spectra of index
(mg) (mg) (min) p/cm? sample/monitor
0.2 135.0 120.6 60 2.2 x 10% 44 /7 w186200
0.8 135.6 110.2 30 1.4 x 10" 37/9 w186800
1.6 138.0 108.6 40 5.4 x 10" 35/9 w18616g

Table 22: Experimental yields from '8¢W irradiated with 0.2, 0.8, 1.6 GeV protons.

Product Ty, Type Yields [mbarn|
0.2 GeV 0.8 GeV 1.6 GeV

1B1Re 38,0d i(m+g) 144 £ 1.0 — 3.29 £ 0.30
181Re 38,0d i — — 2.93 + 0.26
183Re 70,0d i(m+g) 265+21 1054+ 1.7 3.70 &+ 0.64
182Re 64,0h i 12.0 £ 1.0 - -
18IRe 19,9h i 28.8 + 3.8 7.48 +1.18 4.40 4+ 0.72
1Re 19,5m i 20.5 + 4.0 — -

178 W 21,6d c 76.4 £+ 9.2 — -
Ay 135m ¢ 66.8+ 7.8 159+18 11.8+ 1.4
176\ 2,5h ¢ 62.8 £ 9.7 - -
Ly 31m c 50.2 + 6.0 — -
18474 8,7h c - 151+1.0 155+1.3
1837 5,1d c 161 £1.3 205+1.6 202+ 1.7
182y, 114,43d c 175 +£12 269+26 171+1.4
I8mTy  236h  i(ml+m2) 1654+ 1.2 131429 105+ 1.3
176 8,09h i(m+g)  39.0£6.4 - -
176Tg 8,09h c 106. £9. 40.0+ 43 31.2+ 29
1757 10,5h c 914+ 74 389438 236+ 34
1747y 1,14h c 7444+ 83 431 +48 286+ 3.6
1747y 1,14h i 2424+ 41 412+51 28.0+4.38
1737 3,14h c* 60.2 £+ 6.5 - -
1737 3,14h c - 40.2 + 3.8 21.44+ 22
1727 36,8m c* 28.4 + 3.4 - -
11Ty, 23.3m c* 3.63 £ 0.61 - -

181 f 42,39d c - 3.17 + 0.41 3.01 + 0.24
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Table 22, continued.

Product Ty, Type Yields [mbarn|

0.2 GeV 0.8 GeV 1.6 GeV
TOmHE 5,50 i(m) - - 1.51 £ 0.14
9MEE 25,05d i(m2) - - 0.709 £ 0.069
15 Hf 70d ¢ 103. £ 8. 53.0 £ 4.0 36.0 £ 3.1
13Hf 23,6h ¢ 71.9 £ 53 51.5 £ 3.8 343 £ 29
173§ 23,6h i - 1.7 4£24 146+ 2.7
121t 1,87y ¢ 443 £ 3.3 499 + 84 28.1 + 24
LTt 12,1h ¢ 263 £29 286 £ 3.2 253 £26
Lopf 16,01h ¢ 14.8 £ 2.0 40.7 £ 5.5 18.7 £ 2.4
13TLu 1,37y ¢ 66.9 £ 5.5 70.2 £ 8.5 38.1 £ 3.5
12Lu 6,70d  i(ml4+m2+g) 2.13 +£0.16 7.80 + 0.60 5.97 + 0.49
12Lu 6,70d ¢ 46.2 £ 3.4 53.6 £ 8.0 345 £ 29
Ty 8,24d i(mtg)  9.73+£223 202+31 105+ 1.9
Ty 8,24d ¢ 36.0 £ 2.7 57.8 4.1 35.8 £ 3.0
MLy 2012d  i(mtg) - 170 £50 141+ 1.9
0Ly 2,012d ¢ 225+ 18 509+44 322 £ 2.7
9Ly 34,06h ¢ 135 £14 442+ 36 26.9 £ 2.2
67y 01,5m ¢ - 422 + 3.8 21.0 £ 3.2
169yh  32,026d c 153+ 1.1 585440 340+ 27
7% 17,5m ¢ - 00.8 £ 4.7 -
166y, 56,7h c 210 + 0.17 49.0 + 3.4  31.9 + 3.2
162Yyh 18,87m ¢ - 31.7 £ 4.8 223 £ 238
168 T m 93,1d 1 - - 1.42 £ 0.18
67Tm  9,25d c - 582+ 11.8  37.1 + 5.1
16T m 7,70h ¢ 219 £ 037 556 £ 3.8 34.8 £ 3.5
166 m 7,70h 1 - 6.67 £ 0.60 2.94 £ 0.46
165Tm 30,06h ¢ 1.58 £ 0.16 53.5 £ 4.0 34.6 £ 3.0
163 Tm 1,810h c* - 499 £+ 4.2 31.6 &£ 3.0
161 Tm 33m c* - 38.7 £ 6.8 -
61T m 33m ¢ - - 244 £ 46
16lgy 3,21h ¢ - 44.8 + 4.1 31.1 £ 3.2
L60Ey 28,58h ¢ - 44.3 £ 3.7 347 £ 3.4
19Er 36m c* - 45.8 £ 3.2 344 £5.1
160m o 5,02h c - 471443 352+ 35
1%9Ho 33,05m ¢ - 459 £ 3.5 -
1%6Ho o6m ¢ - 292 £ 2.5 35.0 &£ 3.4
57Dy 8,14h ¢ - 36.3 £ 2.9 345 £ 3.1
155Dy 9,9h c* - 294 £ 2.5 -
155Dy 9,9h ¢ - - 32.1 £ 2.8
153Dy 6,4h ¢ - 149+ 14 248 £2.6
152Dy 2,38h - 13.6 £0.9 200£ 1.6
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Table 22, continued.

Product Ty Type Yields [mbarn|

0.2 GeV 0.8 GeV 1.6 GeV
15T 5,32d c — 298+ 27 31.7+26
133 Th 2,34d c* - 23.2 + 2.2 -
153 T 2,34d c - - 28.5 + 3.4
152, 17,5h c - 148 +13 239+24
151Th 17,609h c - 139 £ 1.1 21.0 £ 1.9
150, 3,48h c - 6.194+ 096 11.3+1.8
1497, 4,118h c - 4.69 + 0.38 7.77 + 0.65
1487 60m c - 5.88 +0.49  10.9 + 1.2
47T, 1,7h c - - 2.18 4+ 0.29
193Gd 240,4d c - 21.84+ 26  28.1+26
151Gd 124d c - - 24.5 + 2.3
M9Gd 9,28d c — 15.6 + 1.1 27.1 + 2.2
47Gd 38,06h c - 122 +09 240+ 22
146Gd 48,27d c - 10.7+£0.8 233+19
145Gd 23,0m c - - 131+ 1.9
149Fy 93,1d c - - 32.9 4+ 2.7
WiEy 24,1d c - 131 +£13  29.0+26
16 Ey 4,61d c - - 34.9 + 3.0
16 Ey 4,61d i - - 10.7 £ 1.1
145Ey 5,93d c - 8.64+ 083 215+ 1.8
144pm 363d i - - 0.899 £ 0.090
143pm 265d c - - 23.0 + 2.3
139mNq 5,5h i(m) - - 3.66 &+ 0.49
137Nd 38,5m c - - 25.8 + 2.6
136Nq 50,65m c - - 127+ 1.3
139Ce 137,640d ¢ - 3.554+ 049 214417
135Ce 17,7h c - - 16.8 £ 1.4
131Ce 3,16d c — — 143+ 1.4
133Ce 4,9h i - - 3.59 4+ 0.33
132Ce 3,51h c - - 125 £ 1.0
132] 4 4.8h c - - 123 £1.2
133Ba 3848,9d c - - 135+ 1.5
1318, 11,50d c - - 134 + 1.1
128Ba 2,43d c - —~ 9.99 + 0.95
129Cg 32,06h c - - 129 +£1.3
127X e 36,4d c - - 9.83 + 0.81
125X e 16,9h c - - 8.25 + 0.67
123X e 2,08h c - - 8.47 + 0.71
12lmTe 154d i(m) - - 0.486 + 0.066
121 19,16d c - - 5.93 4+ 0.49
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Table 22, continued.

Product T/ Type Yields [mbarn|
0.2 GeV 0.8 GeV 1.6 GeV

HImTe 4,70d C - - 1.05 £ 0.14
H9Te 16,05h c - - 3.84 + 0.35
13gy 115,00d ¢ - - 2.38 £ 0.21
106m A o 8,28d i(m) - - 0.693 £ 0.070
15 A g 41,29d C - - 1.12 £ 0.11
9%Tc 428d  i(m+g) - - 0.677 £ 0.060
9BmMo 6,85h i(m) - - 0.577 £+ 0.087
90Nb 14,60h ¢ - - 0.689 & 0.124
897r 78,41h C - - 1.22 £ 0.10
VA 83,4d c - - 0.887 £ 0.079
8Y 106,65d  i(m+g) - - 0.651 £ 0.075
8Y 106,65d c - - 1.53 + 0.15
853y 64,84d c - - 1.50 + 0.14
STRb 79,8h c* - - 1.53 + 0.13
81Rb 32,77 i(m-+g) - - 0.679 £ 0.068
8Rb 86,2d C - - 1.60 £ 0.28
Se 119,779d c —~ — 1.38 4+ 0.25
TAs 17,77d i - - 0.732 £+ 0.080
69m7n 13,76h i(m) - - 0.299 + 0.041
MFe 44,472d c - - 0.657 £ 0.064
»Fe 8,275h c - - 0.316 £ 0.060
> Mn 312,11d i - - 0.792 £ 0.110
>2Mn 5,591d c - - 0.172 £+ 0.035
Y 15,9735d c - - 0.183 + 0.023
8Sc 43,67h i - - 0.469 + 0.061
Mg 20,915h c - - 0.406 £ 0.059
24Na 14,9590h ¢ - - 1.79 £ 0.15
22Na 2,6019y ¢ - - 1.36 + 0.18
Be 53,29d i - - 4.16 £ 0.59
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3.6 Experimental yields for "“W irradiated with 2.6 GeV protons.

Table 23 presents the parameters of "W irradiation. Table 24 presents the yields of residual
nuclide products measured.

Table 23: Parameters of "W irradiation.

E,  Sample Monitor Irradiation  Proton  Number of measured EXPDATA
(GeV) weight  weight  duration Flux ~ -spectra of index
(mg) (mg) (min) p/cm? sample/monitor
26 330 1204 30 5.4 x 108 18778 wnat26g

Table 24: Experimental yields from "®W irradiated with 2.6 GeV protons.

Product Ty Type Yields [mbarn|
181Re 19,9h i 3.51 + 0.58
Ay 135m C 13.0+ 1.6
176y 2,5h ¢ 7.86 + 2.51
184, 8,7h c 4.39 4 0.44
183 5,1d C 104 £ 1.0
182 114,43d C 128 £ 1.3
178m Ty 2,36h i(ml+m?2) 7.98 4+ 1.34
176y 8,09h c 929.3 + 3.4
75T 10,5h c 25.7 + 2.8
1747, 1,14h c 25.5 + 2.8
173 3,14h c 923.9 + 3.2
I8LHf 42,39d C 1.24 £ 0.12
18mHf 5,50 i(m) 0.688 % 0.085
IS Hf 70d C 33.0 £ 3.0
173 23,6h c 29.5 + 2.5
173 23,6h i 5.52 + 2.43
1721 1,87y ¢ 21.7 + 2.1
T Hf 12,1h ¢ 194 £ 24
17Ot 16,01h ¢ 19.4 £ 4.0
T3]y 1,37y c 33.4 + 3.3
2Ly 6,70d  i(ml+m2+g) 3.68 £+ 0.50
1214 6,70d c 25.5 + 2.4
Ly 8,24d i(m+g) 10.7 + 2.0
Ty 8,24d ¢ 20.7 + 2.5
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Table 24, continued.

Product Ty,  Type Yields [mbarn]

0] 2,012d ¢ 245+ 2.2

169y 34,06h ¢ 219+ 1.8
1674 51,5m ¢ 23.1 £ 2.5
169y 32,026d ¢ 27.4 + 2.5
167Yyh 17,5m ¢ 24.6 £ 2.9
166y 56,7h ¢ 243 + 2.1
162y 18,87Tm ¢ 18.6 &+ 3.3
167Tm 9,25d ¢ 28.9 + 6.0
166 Tm 7,70h ¢ 26.9 + 2.4
166 m 7,70h i 2.34 £ 0.45
165 m 30,06h ¢ 26.8 £ 2.5
163 m 1,810h  c* 26.0 £ 3.3
1617 m 33m ¢ 20.8 £ 2.5
161y 3,21h ¢ 24.0 £ 2.5
160y 28.58h ¢ 23.6 £ 2.2
YRy 36m c* 25.0 £+ 3.8
D 18,65m ¢ 20.2 £ 3.5
16 Ey 19,5m ¢ 15.7 + 2.4
160mHo  5,02h ¢ 24.6 + 2.3
157Ho 12,6m ¢ 21.8 + 4.0
1%6Ho 56m ¢ 19.4 + 1.8
15TDy 8,14h ¢ 23.9 £ 2.3
195Dy 9,9h ¢ 21.9 + 1.9
133Dy 6,4h ¢ 13.9+ 1.9
192Dy 2,38h ¢ 15.4 + 1.3
155Th 5,32d c 2244+ 1.9
1537 2,34d ¢ 18.7 £ 1.8
152Th 17,5h c 16.1 £ 1.4
151Th 17,609h ¢ 16.5 + 1.4
150 3,48h ¢ 9.23 + 1.23
1497 4,118h ¢ 6.77 £ 0.63
7T 1,7h ¢ 2.13 £ 0.33
193Gd 240,4d ¢ 26.7 £ 2.6
151Gd 124d ¢ 18.8 £ 2.2
149Gd 9,28d ¢ 20.2 £ 1.7
17Gd 38,06h ¢ 18.4 + 1.6
16Gd 48,27d ¢ 18.6 + 1.6
WGd 23,0m c 12.7+ 1.5
S 93,1d c 26.4 & 3.4
D 24.1d ¢ 22.2 4+ 2.0
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Table 24, continued.

Product T1/ Type  Yields [mbarn]

H6Ey 4.61d c 222+ 1.9
M6y 4,61d i 3.60 £ 0.32
WEy 5,93d c 17.6 £ 1.6
43P 265d c 20.1 + 2.2
139mNd 5,5h i(m) 2.84 + 0.49
139Ce 137,640d ¢ 19.6 £ 1.7
135Ce 17,7h c 176 £ 1.5
134Ce 3,16d ¢ 177 £ 1.8
133Ce 4,9h i 3.77 £ 0.39
132Ce 3,51h c 16.1 + 2.7
132] a 4,8h c 14.3 £ 1.7
133Ba 3848,9d c 18.2 + 4.1
1318y 11,50d ¢ 16.0 + 1.3
1288y, 2,43d c 154+ 1.5
126By, 100m ¢ 7.86 + 1.12
129Cg 32,06h ¢ 18.6 £ 1.7
127X e 36,4d c 152 +£1.3
125X e 16,9h c 141 £ 1.2
123X e 2,08h ¢ 155 £ 1.3
122X e 20,1h c 11.6 £ 1.0
12lme 154d i(m)  0.449 £ 0.072
121e 19,16d c 10.8 £ 1.0
19mPe 4,70d ¢ 1.94 + 0.17
19T e 16,05h ¢ 9.06 + 0.76
7 Te 62m ¢ 8.71 £+ 0.79
118mGt, 5,00h i(m) 1.07 £ 0.22
115G 32,1m c* 9.74 £ 0.89
1138y 115,09d ¢ 7.35 £ 0.64
1Ty 2,8047d ¢ 7.33 £ 0.63
1107 4,9h i 3.25 £ 0.30
1091y 4,2h c 5.06 £+ 0.44
106m A o 8,28d i(m) 1.68 + 0.16
15 Ag 41,29d c 5.27 £ 0.69
100pq 3,63d ¢ 1.18 + 0.26
10Rh 20,8h  i(m+g)  2.53 4 0.30
10Rh 20,8h ¢ 3.74 £ 0.48
9mRh 4,7h c 2.38 £ 0.29
9"Ru 2,791d ¢ 3.08 £ 0.30
9% T 4,28d  i(m+g)  1.71 4+ 0.20

%BmMo  6,85h  i(m)  1.59 & 0.14
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Table 24, continued.

Product T/ Type  Yields |mbarn]

9ONb 14,60h c 2.55 £ 0.23
897y 78,41h ¢ 3.42 4 0.29
871 83,4d c 2.53 £ 0.27
8Y 106,656d  i(m+g)  1.54 £ 0.22
8y 106,65d ¢ 3.45 £ 0.34
8Ty 79,8h c* 4.08 £ 0.35
8Sr 64,84d ¢ 3.76 £ 0.39
83Sr 32,41h c 1.94 £ 0.92
#Rb 32,77d  i(m+g) 1.29 £ 0.14
8Rb 86,2d c 3.30 £ 0.58

82mRh  6,472h  i(m)  1.87 +0.17

Kr 74,4m C 1.69 + 0.18
5Se 119,779d c 2.35 £ 0.22
3Se 7,15h c 1.06 £ 0.12
As 17,77d i 1.37 £ 0.16

©mzn  13,76h  i(m)  0.416 % 0.039

e 44,472d ¢ 0.845 & 0.103
54\n 312,11d i 2.48 + 0.41
510y 27.7025d ¢ 4.48 + 1.34
18y 15,9735d ¢ 0.551 & 0.060
485 43,67h i 0.660 + 0.088
3K 22.3h ¢ 0.673 & 0.081
28Mg 20,915h ¢ 0.899 + 0.087
2UNa 14,9590h ¢ 4.04 + 0.34
"Be 53,29d i 8.61 + 1.01
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3.7 Experimental yields for 2*?Th irradiated with 0.1, 0.2, 0.8, 1.2, 1.6
GeV protons.

Table 25 presents the parameters of 22Th irradiations. Table 26 presents the yields of residual
nuclide products measured.

Table 25: Parameters of 232Th irradiation.

E,  Sample Monitor Irradiation  Proton  Number of measured EXPDATA

(GeV) weight  weight  duration Flux v -spectra of index
(mg) (mg) (min) p/cm? sample/monitor

0.1 87.5 169.4 40 5.4 x 1012 34 /10 th100

0.2 115.9 48.4 45 2.1 x 10%° 36 /11 th200

0.8 89.6 160.3 30 3.7 x 10%? 44 /17 th800

1.2 114.1 119.0 30 5.7 x 101 48 /10 thl2g

1.6 111.6 119.0 20 3.6 x 10" 42 /11 thl6g

Table 26: Experimental yields from 232Th irradiated with 0.1, 0.2, 0.8, 1.2, 1.6 GeV protons.

Product Ty Type Yields [mbarn] at
0.1 GeV 0.2 GeV 0.8 GeV 1.2 GeV 1.6 GeV

233Py, 26,967d i - 1.67 £ 0.22 - 2.81+ 0.33 3.12 £+ 0.30
227Th 18,72d c 51.0 + 6.4 28.1 + 3.5 - 13.5+£16 123 +£1.6
229Ac 62,7m c - 0.828 +0.126 1.30 £0.21 1.23+0.18 1.09 &+ 0.17
228Ac 6,15h i 19.8 £ 1.7 21.2 + 2.1 201+21 193+15 178+16
226 Ac 29,37h i 829 +0.87 17.0+ 1.8 166+16 171+17 151+1.6
225A¢ 10,0d c - 19.4 + 1.6 203+51 195+15 185415
224 Ac 2,78h i 5.72 £ 0.72 17.0+ 1.4 120+ 09 1254+10 11.8+1.1
225Ra 14,9d c - - - 418 £ 0.37 3.87 + 0.41
223Ra 11,435d c - 36.0 + 3.2 - 21.8 £ 1.7 20.6 £ 2.0
211Rn 14,6h c - 3214026 9.89+0.75 9.76+ 0.76 7.57 &+ 0.63
210A¢ 8,1h c - 4.82 + 0.39 11.0 £ 0.8 10.6 £0.8 892+ 0.74
209A¢ 5,41h c* - 4.35 + 0.37 178+1.2 193+14 165+ 1.3
208 At 1,63h c* - 140 +£0.16  105+09 9.95+0.88 7.94 + 0.66
207 At 1,80h c - - 165+14 142+14 11.6+1.2
206 At 30,6m c* - - 103 £ 0.8 9.08+ 0.83 8.31 £+ 0.82
206pg 8.8d c - 281 +£027 200415 186+14 155+1.2
205pg 1,66h c* - - 155+ 1.7 922+138 8744215
204pg 3,53h c - - 135+1.1 146+12 11.9+1.3
203pg 36,7m c* - - 107 +£1.2 9.60+0.96 8.48 + 0.94
202pg 44,7m c - - 8.81+0.87 9.94+ 163 828 +1.22
206 B 6,243d c - 2.78 4023 2014+15 189+14 157+ 1.3
205B4 15,31d c - - 182+1.7 142+11 11.8+1.0
204B4 11,22h c - 0498 £ 0.063 132+1.0 152412 12241.1
203Bj 11,76h c - - 103+0.8 11.1+0.8 8.64 +0.72
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Table 26, continued.

Product Ty Type Yields [mbarn] at
0.1 GeV 0.2 GeV 0.8 GeV 1.2 GeV 1.6 GeV

202B4 1,72h - - 11.2 £ 0.8 122 +09 105+ 0.9
200Bj 36,4m c - - 6.29 &£ 2.50 8.87 £2.41 4.87+1.01
198 Bj 11,6m c* - - - 8.66 +£ 1.49 5.61 + 1.05
203ph 51,873h  i(ml1+m2+g) - - - 1.14 + 0.46 —
203ph 51,873h c - - 10.3 £ 0.7 1.7+ 09 9.88+0.81
201pp 9,33h i(m+g) - - 7.22 £ 256 345+ 1.05 5.79 £ 1.07
201pp 9,33h c - - 9.62 £+ 0.99 112+ 1.1 100+ 1.0
200ph 21,5h c - - 7.70 £ 0.56  9.35 £ 0.72 7.97 &+ 0.69
199ph 90m c* - - 15.7 + 2.8 22.7+40 191435
200 26,1h i(m+g) - - 0.980 £ 0.204 1.36 £ 0.16 1.08 &+ 0.16
200 26,1h c - - 8.44 £ 0.60 10.6 £ 0.8 8.89 £ 0.71
192Hg 4,85h c - - 6.11 £0.55 116+1.0 11.0+14
190Hg 20,0m c* - - - 9.61 £ 1.26 9.62 &+ 1.20
190 g 20,0m c - - 3.64 + 1.27 - —

190 Ay 42.8m c* - - 5.48 + 0.79 - -

190 Ay 42,8m c - - - 11.1+1.3 11.3+1.3
191p¢ 2,802d c - - - 998 +£1.13 101+ 1.5
188 py 10,2d c - - - 11.0£1.0 119+ 1.1
186 pt 2,08h c - - 2.88+£0.83 108+ 25 122+28
1881y 41,5h c - - - 8.65+ 1.25 9.14 + 1.31
186y 16,64h i - - 1.80 £ 0.21  4.84 £ 0.40 5.09 £ 0.46
1851y 14,4h c - - - 814 £ 1.36 9.33 £ 1.59
1841y 3,09h c* - - 265+ 033 971+£0.95 129+1.3
18505 93,6d c - - - 112409 13.1+£1.2
183m (g 9,9h c - - - 5.80 £ 0.47 7.17 4+ 0.62
18305 13,0h c - - 1.39 £ 0.18 - -
18205 22.10h c - - 2.76 £ 0.29 111+ 1.0 143412
183Re 70,0d c - - - 9.69 +£0.82 12.7+ 1.1
182mRe 12,7h c - - - 1074+ 0.9 140+ 1.2
181Re 19,9h c - - 213+ 035 9.96+ 140 13.1+19
180Re 21,5m c - - - 108 +£1.0 128 +1.3
Tw 135m c - - - 5.85 £ 0.72 9.66 £ 1.20
176w 2,5h c - - - 7.66 £ 1.52 8.56 £ 1.72
182y 114,43d c - - - - 16.7 £ 3.7
176y 8,09h c - - - 6.31 £ 0.83 12.0+ 1.4
175Ta 10,5h c - - - 5.86 £ 0.77 124+ 1.6
174Ta 1,14h c - - - 6.36 £ 0.76  10.4 &+ 1.3
L5t 70d c - - - 6.43 £0.54 11.2+£1.0
LT3 Hf 23,6h c - - - 5.55 £ 0.57 108 £ 1.1
L70pf 16,01h c - - - - 8.02 £+ 1.30
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Table 26, continued.

Product Ty Type Yields [mbarn| at

0.1 GeV 0.2 GeV 0.8 GeV 1.2 GeV 1.6 GeV
Ly 8,24d c - - - 4.76 + 0.38 10.7 £ 0.9
170y 2,012d c - - - 4.58 + 0.50 7.89 + 0.79
169y 34,06h c - - - 3.49 + 0.30 7.43 + 0.64
169y 32,026d c - - - 5.75 £ 0.47 9.66 + 0.90
166y 56,7h c - - - 3.03 + 0.30 7.98 4+ 0.82
167Tm 9,25d c - - - 3.43 £ 0.71 8.40 £ 1.75
166y 7,70h c - - - 3.12 + 0.36 -
160y 28,58h c - - - 2.20 + 0.24 6.11 £ 0.66
160m g 5,02h i(m) - - - 2.59 + 0.49 -
160m g 5,02h c - - - 4.80 + 0.76 6.50 + 0.96
157Dy 8,14h c — - - 1.63 £ 0.17 4.27 £ 0.41
135Dy 9,9h c* - - - 1.49 £+ 0.13 3.70 £ 0.35
152py 2,38h c - - - 0.702 £ 0.156  2.24 £+ 0.21
152 17,5h c* - - 0.864 £ 0.115  1.34 £ 0.14 2.81 + 0.29
151 Th 17,609h c - - - 1.12 £ 0.13 1.95 + 0.21
1507 3,48h c - - - - 1.00 £ 0.20
149Gd 9,28d c - - - 1.26 £+ 0.13 2.94 &+ 0.46
147Gd 38,06h c - - - 1.10 £+ 0.16 2.47 + 0.23
16Gd 48,27d c - - - 0.677 + 0.068  1.98 + 0.18
MTEy 24,1d c - - - 1.11 £ 0.17 2.84 + 0.41
H6Ey 4,61d c - - - 1.27 £ 0.11 2.86 + 0.25
146y 4,61d i - - - 0.589 &+ 0.054 0.879 £ 0.092
145y 5,93d c - - - - 3.87 £ 0.89
147TNd 10,98d c - 2.99 + 0.61 - - -
146 py 24,15m c - 2.59 + 0.57 - - -
138mpy 2,12h i(m) - - 1.33 £ 0.31 2.13 + 0.20 2.65 + 0.28
143 Ce 33,039h c 148 +£1.1 778 £0.63 4.15+0.30 4.05 + 0.31 3.75 + 0.31
141Ce 32,501d c 242 +£26 123+ 1.0 - 6.41 £+ 0.49 5.66 £ 0.53
139Ce 137,640d c - - - 4.54 £+ 0.55 6.40 £+ 0.53
135Ce 17,7h c - - 1.94 £ 0.20 3.11 + 0.27 3.52 & 0.32
132Ce 3,51h c - - 0.563 £ 0.215  1.28 + 0.20 1.89 + 0.26
1425 91,1m c 16.5 £ 1.3 8.15 £ 0.69 - - -
140 5 1,6781d c 204 +16 11.2+£0.9 6.69 &+ 0.85 6.82 £+ 0.52 5.98 £ 0.52
140 5 1,6781d i 493 £ 038 2.64+£027 147 +£0.15 1.24 £ 0.10  0.986 % 0.092
13218 4,8h i(m+g) - - 1.27 £ 0.37 1.21 +£0.28  0.770 &+ 0.251
13218 4,8h c - - 1.84 £ 0.25 2.49 + 0.30 2.66 + 0.32
141Ba 18,27m c 15.6 + 2.0 7.65 4 1.03 - - —
140By 12,752d c 155+ 1.3 8914085 524+ 0.91 5.57 + 0.42 5.00 &+ 0.43
1398y 83,06m c 20.2+ 3.8 11.6 £2.2 - - -
135mBg 28,7h i(m) 2.72+0.32 3.20+0.30 - - -
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Table 26, continued.

Product Ty Type Yields [mbarn] at
0.1 GeV 0.2 GeV 0.8 GeV 1.2 GeV 1.6 GeV

133mBa 38,9h i(m) — 1.69 £+ 0.17 — — -
131Bg 11,50d c - - - 497 £042 5.15 4+ 0.49
128Ba 2,43d c - - - 2.40 £ 0.22 3.1540.30
138(Cg 33,41m c 128 £ 1.8  6.61 + 1.14 - - -
136Cs 13,16d i(m+g) 9.97£0.81 5.08 + 0.40 — 2.18 £ 0.16 1.87 £ 0.17
134m (g 2,903h i(m) 6.79 £ 0.73  4.85 £+ 0.53 - - -
132(Cg 6,479d i - 2.85 £+ 0.69 - 3.50 £0.29 4.14 + 0.45
138Xe 14,08m c - 4.54 £+ 0.76 - — -
135mxXe  15,29m i(m) 11.6 £ 1.2 5.38 +0.53 - — -
135Xe 9,14h i(m+g) 134+ 1.1 7174069 3934040 3.00+0.35 2.2540.46
135Xe 9,14h c 23.1+1.9 123+ 1.1 6.86 £ 0.54 6.91 £0.59 6.11 £ 0.60
133mXe 2,19d c 11.0 £ 1.1 6.83 £+ 0.60 - - -
127Xe 36,4d c - 1.76 £ 0.18 838 +0.98 891+ 0.71 842 + 0.69
125Xe 16,9h c - 0.317 + 0.039 4.26 + 0.32 6.04 + 0.47 6.51 & 0.55
1351 6,57h c 101 £ 0.8 5424047 2934+ 028 3.65+ 045 3.654 0.46
1341 52,5m i(m+g) 795+ 120 3.63 + 0.68 - - -

134] 52,5m c 134+ 1.2  6.78 £ 0.64 - - -

1331 20,8h c 179+ 1.5 928 £0.80 4.594+0.35 4.5240.37 4.29 £ 0.38
1817 8,02070d c 254 + 1.9 139+ 1.1 6.82+0.52 6.314+ 047 5.60+ 0.45
1301 12,36h i(m+g) 124+1.0 745 +0.58 4.134+0.34 353+£0.26 2.79+ 0.24
1267 13,11d i - 4.28 + 0.60 - 5.80 + 0.67 4.07 & 0.54
1241 4,1760d i - 2.07 £0.42 4.67 £0.69 537+ 0.50 4.61 & 045
1217 2,12h c - - 3.07 £ 027 4.61 £0.36 5.48 £ 0.47
134Te 41,8m c 541 £ 0.68  3.16 £+ 0.42 - - -

133m e 55,4m c 5.51 £ 0.69  3.17 £+ 0.39 - — —
132Te 3,204d c 9.60 £ 0.85  5.07 +£0.43 2554+ 0.22 2.76 £ 0.21 2.57 +0.23
131mTe 30h c 5.55+ 0.93  4.03 £ 0.39 - 1.28 £0.28 1.20 £ 0.27
131 e 25,0m c 5.68 £ 0.74 3.22 £0.33 - - -

131 Te 25,0m i 449 +£1.11 265 £ 0.43 - - -

129m e 33,6d c - - - 1.50 + 0.62 5.23 + 1.92
123me 119,7d i(m) - 3.93 + 0.37 - 6.60 + 0.55 6.68 + 0.57
121mTe 154d c - - - 5.30 & 0.46 4.41 £ 0.38
121Te 19,16d c - - - 9.90 £0.82 10.1 +£0.9
119mTe 4,70d c - - - 3.14 + 0.23  2.95 £ 0.24
197Te 16,05h c - - - 192+ 0.15 2.29 £+ 0.19
130m gy, 39,5m c - 1.32 £ 0.16 - - -
129G 4,40h c 5.66 £ 0.60  3.11 £ 0.39 - — —
128G, 9,01h c 6.27 £ 0.68  3.26 £ 0.29 - - -
127G} 3,85d c 164+15 875+£0.77 5114051 3.82+0.32 3.35+0.31
126mgp, 19,15m  i(m1+m2) - 2.04 + 0.29 - - -
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Table 26, continued.

Product Ty, Type Yields [mbarn] at
0.1 GeV 0.2 GeV 0.8 GeV 1.2 GeV 1.6 GeV

126G 12,46d  i(ml+m2+g) 125+0.9 7.11+£056 3.22 +£0.33 3.20 £+ 0.24 -
1248y, 60,20d  i(ml+m2+g) 181+ 1.7 11.7+£ 09 8504242 6.39 £ 0.47 -
12281 2,7238d i(m+g) 6.20 £ 0.48 825+ 0.65 872+ 0.61 8.03+ 060 6.89 =+ 0.57
120mgp, 5,76d i(m) - 2.56 £ 0.22  7.04 £ 0.48 6.33 £ 0.48 5.22 £ 0.42
H8m gy, 5,00h i(m) - 0.571 £ 0.065 4.62 +0.34 5.64 + 0.46 4.93 £ 0.45
Hémgy  60,3m i(m) - - 2.86 £ 0.38 2.69 + 0.37 2.96 + 0.32
128Gy 59,07m c 243 £0.35 1.24 £0.12 - - -
1278n 2,10h c 3.83£0.85 2.10 £ 0.43 - — -
1256n 9,64d c - 5.13 + 1.65 - - -
123mGn  40,06m c 1.7+ 09  6.90£0.56 3.85+0.31 3.56 £ 0.30 3.29 & 0.34
Hrmgn  13,60d c - 3.00£026 7.00+1.12 9.42 £ 0.77 9.56 £ 0.80
1138n 115,09d c - - - 3.17+0.29 3.65+0.35
Hmpy  54,29m  i(m1+m2) - 6.82 £ 0.58 139+ 10 11.3+0.9 8.83 £ 0.80
Hamp  4951d  i(m1+m2) 248 +£46  6.32 + 1.10 - 9.96 + 0.80 9.03 £ 0.85
Uiy 2,8047d c - - 3.02 +£0.33 4.87 £ 0.38 5.70 £ 0.47
1101 4.9h i - - 1.41 £ 042 250+ 0.21 2.64 £0.25
HTmGq 3.36h c 254+ 1.9 188+ 1.5 109+ 11 995+094 9.04+1.17
H7Cq 2,49h c 16.8 £ 1.3 11.3 £ 0.9 - 6.26 + 0.66 5.39 & 0.74
H5¢Cd 53,46h c 494 + 3.7 35.0 + 2.8 211+ 16 1914+14 165+ 1.3
HimGd  48,30m i(m) - 1.39 £ 0.20 - — -
H3Ag 5,37h c 71.0 £ 5.3 55.9 + 4.5 376+27 363+28 304+26
H2Ag 3,130h c 69.5 £ 8.5 57.0 £ 6.5 494459 421+£78 350+£7.0
H2Ag 3,130h i 11.0 £ 1.6 143 £ 1.7 228 +30 19.1+38 152+ 39
HliAg 7,45d c 72.4 £+ 8.0 54.6 + 5.5 - 45.0 £4.3  36.7 £ 3.7
HOomAe  249,76d i(m) - 3.31 £ 0.68 - - -
HOomAe  249,76d i - - - 11.1 £ 0.9 9.56 £ 0.82
106mAg  828d i(m) - - - 3.40 £ 0.27 3.57 £ 0.31
105Ag 41,29d c - 3.50 + 0.43 - 2.66 + 0.26 3.35 & 0.32
MAg 293m i - - - 1.40 £ 0.18 1.48 £ 0.21
H2pq 21,03h c 575+ 7.0 425 + 4.9 270+ 3.1 23.0+42 19.7+3.7
Himpq 5,5h i(m) 12.6 £ 1.8 12.0 + 1.7 - - -
107Rh 21,7m c* 66.2 £ 7.9 55.9 + 6.8 - - -
106mRhL  131m i(m) 433 +£0.64 6.08+053 149+12 156+14 124+1.1
105Rh 35,36h i(m+g) - - - 248 £42 144446
105Rh 35,36h c 54.9 + 4.3 49.8 + 4.3 521 £ 3.9 543 +44 444439
0lmRh  4,34d c - - 3.08+0.50 4.99 +0.49 6.07 £ 0.66
100Rh 20,8h i(m+g) - - — 2414020 2.77 £ 0.26
106 Ry 373.59d c - 431+ 5.1 - 384+31 266+6.6
105Ry 4,44h c 58.6 + 4.3 50.0 + 3.9 43.0+£29 382+£30 31.6%2.6
103Ru 39,26d c 53.4 + 4.1 48.0 + 3.9 610+ 44 524+40 440+ 3.7
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Table 26, continued.

Product Ty Type Yields [mbarn] at

0.1 GeV 0.2 GeV 0.8 GeV 1.2 GeV 1.6 GeV
104 e 18,3m c 49.9 + 4.2 37.2 + 3.2 30.5 £ 2.8 26.1 + 2.3 19.7 £ 2.1
1017e 14,22m c 50.1 £ 9.8 454 + 5.1 61.3 £ 7.0 54.2 £ 5.9 332+ 4.0
101e 14,22m i - 7.49 &+ 3.97 321+ 7.0 26.5 + 4.9 8.76 + 3.39
99m e 6,01h i(m)  0.010 £ 0.087 0.707 £ 0.119  2.49 + 0.21 3.70 £ 0.34 3.60 + 0.34
99mTe 6,01h c 40.8 + 3.1 359+ 29 41.8 £ 2.8 414 4+ 3.2 35.5+ 2.9
9%T¢ 428d  i(m+g) - - 2.95 £ 0.90 3.92 £+ 0.31 4.20 £ 0.36
9B Tc 20,0h c* - - 1.04 £ 0.12 2.34 £ 0.18 3.00 £ 0.25
101Mo 14,61m c 51.7 + 5.0 384+ 3.4 32.8 +£ 5.7 28.2 + 3.0 25.1 + 2.6
99Mo 65,94h c 46.7 £ 3.5 40.3 + 3.3 45.0 + 3.1 43.0 + 3.3 36.4 £+ 3.0
93m Mo 6,85h i(m) - - 0.774 + 0.213  1.82 £ 0.14 2.12 £ 0.19
98m N1, 51,3m i(m) 9.78 + 0.93 11.1 £ 0.9 16.8 £ 1.5 16.0 + 1.5 11.8 + 1.1
96Nb 23,35h i 2.08 £+ 0.23 5.37 + 0.42 14.8 + 1.0 176 + 1.4 143+ 14
9%Nb 34,975d  i(m+g) — 3.13 £ 0.30 12.7 £ 1.3 17.0 £ 1.2 16.1 + 1.3
95Nb 34,975d c 43.7 £+ 3.6 35.3 £ 2.8 42.0 £ 4.5 4794 3.5 39.7 + 3.2
92mNh 10,15d i(m) - - 4.08 £0.69 0.706 = 0.058 0.869 + 0.086
9ONb 14,60h c - - 0.820 £ 0.097 1.83 £0.14 2.29 + 0.20
97r 16,744h c 36.1 + 2.6 26.4 + 2.1 19.1 £ 1.3 18.2 + 1.3 15.3 + 1.2
97y 64,02d c 416 + 34 324+25 315 +£ 2.9 30.8 + 2.2 25.2 + 2.1
897y 78,41h c - - - 5.61 + 0.41 6.59 + 0.53
887r 83,4d c - - - 2.29 £+ 0.18 2.96 + 0.28
94y 18,7m i 37.8 £ 3.8 23.7 £ 24 20.0 £ 2.3 158 £ 1.6 14.6 £ 1.6
93y 10,18h c 38.9 4+ 5.1 28.1 + 3.6 235+ 3.9 - -
922y 3,54h c 48.2 + 6.7 323+ 46 30.5 + 4.6 342+ 48 298 + 4.4
92y 3,54h i 19.0 + 3.8 7.10 + 2.08 13.0 £ 5.0 11.5 £ 2.8 12.6 + 3.3
9lmy 49.71lm  i(m) - - 143+ 1.1 16.2 £ 1.2 14.1 + 1.2
9lmy 49,71m c - - 26.0 + 1.8 27.6 + 2.1 239+ 1.9
90my 3,19h i(m)  0.793 £ 0.109  2.25 £ 0.18 119+ 0.9 14.6 + 1.4 13.3+ 1.4
88y 106,65d  i(m+g) - - - 104 £+ 0.8 -
88Y 106,65d c - - - 12.6 £ 0.9 132 £ 1.2
8Tmy 13,37h c - - 2.83 + 0.52 5.39 + 0.50 6.38 + 0.67
87Y 79,8h c - 0.248 £ 0.073  3.54 £ 0.25 6.56 + 0.49 7.66 + 0.62
86y 14,74h c - - 1.28 + 0.12 2.54 £+ 0.19 3.24 +£0.26
928y 2,71h c 32.7 £ 3.3 22.8 + 2.2 159+ 1.5 149+ 1.5 129 + 1.4
91Sr 9,63h c 40.5 + 3.2 27.9 + 2.6 22.8 +£ 2.1 20.7 + 1.6 171+ 1.7
85Gr 64,84d c - - - 6.01 £ 0.78 7.08 + 0.77
89Rb 15,15m c* 35.8 + 3.6 24.0 £ 2.2 23.6 + 3.3 20.2 £+ 2.2 174+ 1.9
88Rb 17,78m c - 27.0 £ 3.1 - - -
88Rb 17,78m i - 8.74 + 1.95 - - -
86Rb 18,631d  i(m+g) — — - 16.6 + 1.3 16.5 + 1.4
84mRh 20,26m  i(m) - - 5.43 + 0.69 8.05 £ 0.71 7.95 + 0.82
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Table 26, continued.

Product Ty/2 Type Yields [mbarn] at

0.1 GeV 0.2 GeV 0.8 GeV 1.2 GeV 1.6 GeV
83Rb 86,2d c — — — 8.74 £ 0.75 10.1 £ 0.9
82mRhb 6,472h i(m) — — 1.49 + 0.20 3.37 £ 0.32 4.02 £ 0.37
88Kr 2,84h c 26.9 £ 2.1 16.0 £ 1.3 10.6 &£ 0.9 9.65 £ 0.76 8.48 £+ (.81
8TKr 76,3m c 29.7 £ 3.3 20.2 £ 1.9 134+ 1.5 12.6 + 1.4 11.1 + 1.3
85mKr 4,480h c 24.8 £+ 2.0 15.9 + 1.3 11.2+ 1.1 10.1 + 1.0 8.97 £ 0.96
84Br 31,80m c 21.9 £28 122+ 1.6 - - -
82Br 35,30h  i(m+g) 1.97 £0.16 3.25 £+ 0.26 8.59 £ 0.66 10.7 £ 0.8 9.21 £+ 0.75
“"Br 57,036h c - - - 2.47 + 0.21 2.70 + 0.24
83Ge 22,3m c 12.8 £ 1.2 8.10 £ 0.70 - - -
75Se 119,779d c - - - 2.98 + 0.28 3.47 £ 0.29
"8 As 90,7m c 7.17 £ 1.04 6.19 £+ 0.76 10.0 = 1.5 11.2 + 1.6 9.38 £+ 1.32
"8As 90,7m i 2.63 + 0.78 2.95 + 0.64 7.09 £+ 1.61 8.43 + 1.42 7.12 + 1.09
T6As 1,0778d i - - 5.03 £+ 0.43 7.54 £ 0.65 7.88 £ 0.73
™ As 17,77d i - - - 4.90 £ 0.49 5.50 £ 0.59
8Ge 88m c 4.23 4+ 0.37 3.30 £+ 0.29 2.94 + 0.87 2.74 + 0.60 2.26 + 0.41
TGe 11,30h c 2.71 £ 0.21 2.60 £+ 0.21 3.15 £ 0.27 3.31 £+ 0.32 2.16 + 0.23
BGa 4,86h c 1.87 + 0.16 2.38 £ 0.21 4.55 + 0.36 5.50 £ 0.49 4.20 £+ 0.55
2Ga 14,10h  i(m+g) — 0.871 % 0.120 - 5.31 + 0.47 5.22 + 0.53
2Ga 14,10h c - 2.59 £+ 0.23 - 7.95 £ 0.65 7.41 £ 0.66
27n 46,5h c - 1.72 + 0.18 2.00 £ 0.20 2.48 + 0.20 2.22 4+ 0.19
imyzn 3,96h c 0.547 £ 0.087  1.09 £ 0.10 2.41 + 0.34 2.99 + 0.28 2.57 £ 0.26
69mzn 13,76h i(m) - 0.398 £ 0.036  3.01 £ 0.20 4.42 + 0.33 4.47 £+ 0.36
%Co 70,86d  i(m+g) - - - 0.851 &+ 0.081  1.26 £ 0.12
MFe 44.472d c - - - 3.42 £+ 0.29 3.97 £ 0.35
56 Mn 2,5789h c - - - 3.99 £+ 0.55 3.50 £+ 0.59
8y 15,9735d c - - - 0.232 £ 0.025 0.283 + 0.084
48G¢ 43,67h i - - 0.940 + 0.180 0.923 £ 0.071  1.21 £ 0.10
465¢ 83,79d  i(m+g) - - - 0.980 £+ 0.094  1.42 £ 0.16
8K 22,3h c - - - 1.19 £ 0.10 1.66 = 0.15
2Mg 20,915h c - - - 0.562 £ 0.048 0.894 + 0.075
24Na 14,9590h c - - 0.806 £ 0.131  1.51 + 0.12 2.62 + 0.22
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3.8 Experimental yields for "®U irradiated with 0.1, 0.2, 0.8, 1.2, 1.6
GeV protons.

Table 27 presents the parameters of "*U irradiations. Table 28 presents the yields of residual
nuclide products measured.

Table 27: Parameters of "*U irradiation.

E,  Sample Monitor Irradiation  Proton  Number of measured EXPDATA

(GeV) weight  weight  duration Flux v -spectra of index
(mg) (mg) (min) p/cm? sample/monitor

0.1 159.2 47.9 60 8.5 x 102 48 / 15 ues100

0.2 160.0 47.8 28.5 1.3 x 103 41 / 12 ues200

0.8 160.9 48.0 60 5.7 x 101 51 /13 ues800

1.2 160.6 47.8 40 6.1 x 10%° 42 /9 uesl2g

1.6 160.4 48.2 30 4.5 x 10 44 /11 uesl6g

Table 28: Experimental yields from "*U irradiated with 0.1, 0.2, 0.8, 1.2, 1.6 GeV protouns.

Product Ty/2 Type Yields [mbarn] at
0.1 GeV 0.2 GeV 0.8 GeV 1.2 GeV 1.6 GeV

Z9Np 2,3565d i - - 3.46 £ 0.28 3.69 £ 0.32 3.51 & 0.47
238Np 2,117d i 2.93 £0.28 1.09 £ 0.12 - - -
By 6,75d c 95.3+80 769+6.0  107.+9. 115. + 9. 108. + 10.
234pg 6,70h i 3.26 £ 0.66 6.39+0.63 7.88+1.05 107+ 1.8 9.39 4+ 1.48
233pa 26,967d c 5.09+0.41 9874+0.68 142409 140+11 12.7+1.1
232pg 1,31d i 3.75 £ 0.33 8524064 888 +0.63 7.95+0.70 7.18 £ 0.70
230pg 17.4d i - 3.88+£0.48 360+ 0.34 299+ 0.37 2.73+0.34
228py 22h c 2.45 +0.37 1.554+0.21 1.98 + 0.64 - 1.25 + 0.32
27TTh 18,72d c 3.66 + 0.81 2.63+0.49 3.87+0.60 4.284+ 0.63 2.95+ 0.44
226 Ac 29,37h i - - 218 £0.22 2344+ 0.29 1.80 +0.21
25 Ac 10,0d c - - 3.31+ 0.23 2.99 £ 0.23 -
223Ra 11,435d c - - 445 £0.40 3.66 % 0.33 2.65 £ 0.50
211 Rn 14,6h c - - 403+ 0.28 388+ 031 3.17 £0.30
210 At 8,1h c - - 4.67 +£0.32 4494+ 0.34 3.54 £+ 0.32
209 At 5,41h c - - 9.02 £ 0.58 8934 0.66 7.03 £ 0.62
208 At 1,63h c* - - 4.73 +£ 0.51 4.84 + 0.56 4.20 £ 0.47
207 At 1,80h c - - 8.43 4+ 0.84 812+ 0.87 6.07+0.85
206 At 30,6m c* - - 4824038 517+ 050 4.65+ 0.54
206pg 8,8d c - - 8.85 £ 0.55 9.29 + 0.66 7.66 + 0.65
205pg 1,66h c* - - 7.10 £ 0.79 8194 0.90 7.27 + 0.98
204pg 3,53h c* - - 811 £ 0.57 8.7240.82 7.53 + 0.69
203pg 36,7m c* - - 5.17 £ 0.58 6.35 £ 0.73 7.42 4+ 0.89
202pg 44,7m c - - 3.68 £0.42 6.69 £ 0.65 5.24 & 0.72
20634 6,243d c - - 8.63 £ 0.53 9.024 0.64 7.55+ 0.63
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Table 28, continued.

Product Ty Type Yields [mbarn] at

0.1 GeV 0.2 GeV 0.8 GeV 1.2 GeV 1.6 GeV
2054 15,31d c - - 6.68 £ 041 7.79+0.56 6.53 £ 0.56
204Bj 11,22h c - - 721 £057 822+£0.84 6.90 + 0.80
203Bj 11,76h c - - 452 +£0.59 6.154+0.68 527 4+ 0.52
2024 1,72h c - - 5.24 £ 0.37 726+ 0.56 6.69 & 0.61
203pp 51,873h  i(m1+m2+g) - — 124 +0.24  1.34 + 0.40 —
203pp 51,873h c - - 525+ 0.35  6.69 £ 0.50 5.66 & 0.48
201pp 9,33h i(m+g) — — 3.86 £ 092 5.64+0.99 4.07 £ 0.93
201pp 9,33h c - - 494 4+0.47 7.124+0.70 6.21 + 0.67
200pp 21,5h c - - 3.21 £0.28 5.36+0.53 4.88 +0.42
199pp 90m c* - - 8.40 £ 1.67 12,5 £2.2 14.5 + 2.1
200 26,1h i(m+g) - - 1.29 £ 0.13  1.58 £0.22 0.923 £ 0.362
2007 26,1h c - - 439 £042 6.75+0.58 5.63 £ 0.58
193mHg  11,8h i(m) — — - 1.12 £ 047  1.29 £ 0.37
192Hg 4,85h c - - 237 £0.24 6.68+0.66 8.00 + 0.80
192 Ay 4,94h c - - - 891 +£1.20 108+ 1.6
191p¢ 2,802d c - - 1.48 £ 0.52  5.82 4 0.60 6.27 & 0.87
183 pt 10,2d c - - 1.29 £0.13 5724+ 0.61 6.94 £+ 0.85
186 pt 2,08h c - - - 530+ 1.23 7.82 £ 1.82
1907y 11,78d i(ml+g) - - 1.01 £ 0.12 - -
1881y 41,5h c - - - 4.88 + 0.57  6.58 + 0.78
1861y 16,64h i - - - 3.10 £ 0.26  3.89 + 0.36
185]y 14,4h c - - - 4804+ 084 719+ 1.27
1841y 3,09h c - - - 5.44 + 0.55  8.24 £ 0.87
1850s 93,6d c - - 2.59 £0.31 5324144 7.54 4+ 1.52
183m Qg 9,9h c - - - 410+ 0.35 579 + 0.53
1820 22,10h c - - 120+ 0.13 627+0.49 100+ 0.9
183Re 70,0d c - - - 584 £0.51 8.81+0.85
182mRe 12,7h c - - - 6.31 &+ 0.53 10.2 £ 0.9
181Re 19,9h c - - - 599 +£0.84 9.61 +1.41
1w 135m c - - 2.13 £ 0.30 4.85+0.58  7.20 + 0.90
ALY 2,5h c - - - 3.20 £ 1.06  6.35 & 1.46
174w 31m c - - - 3.01+ 064 7.04£1.05
176 g, 8,09h c - - - 3.79 £ 054 7.93 £ 1.02
175y, 10,5h c - - - 3.45 £ 0.52 6.81 £ 0.94
174Tq 1,14h c - - — 3.59 +£0.49 8.15 + 1.03
172y, 36,8m c* - - 1.86 + 0.26  4.04 £ 0.58  6.54 £ 0.98
L5 Hf 70d c - - 0.578 £ 0.071 3.67 £0.32  7.73 £+ 0.72
12Hf 1,87y c - - - 2.77 £ 0.66  6.80 &+ 0.70
3Ly 1,37y c - - - 4.42 £0.61  5.99 & 0.88
2L 6,70d c - - - 2.82 £ 0.65 6.96 £ 0.71
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Table 28, continued.

Product Ty Type Yields [mbarn] at

0.1 GeV 0.2 GeV 0.8 GeV 1.2 GeV 1.6 GeV
iy 8,24d c — — 0.938 = 0.103  3.08 + 0.26 7.22 £+ 0.64
170y 2,012d c - - - - 5.94 + 1.01
169y 34,06h c - - - 2.27 + 0.20 4.91 + 0.45
169y 32,026d c - - - - 6.44 + 0.62
166y 56,7h c - - - 1.70 £ 0.21 5.43 £+ 0.53
160y 28,58h c - - - 1.91 + 0.23 4.22 4+ 0.48
160mHq 5,02h i(m) - — — — 2.18 £ 0.52
160m g 5,02h c - - - - 6.22 + 1.03
157Dy 8,14h c - - 0.752 £ 0.107  1.29 £ 0.15 3.38 £+ 0.33
155Dy 9,9h c* - - 0.722 £ 0.137  1.32 £ 0.17 2.66 + 0.28
152Dy 2,38h c - - - - 1.52 £ 0.15
156Th 5,35d  i(ml+m2+g) - - 0.472 £ 0.051 — -
155Th 5,32d c - - 1.48 + 0.23 2.98 £ 0.40 4.38 £+ 0.48
153Th 2,34d c* - - 1.05 + 0.13 1.90 + 0.21 2.81 + 0.32
152Th 17,5h c* - - 0.907 £ 0.093 148 £ 0.15 2.65 £ 0.29
1507 3,48h c - - - 0.401 & 0.111  0.675 £ 0.158
9G4 9,28d c - - 0.840 £+ 0.082  1.50 £+ 0.13 2.88 £ 0.27
146Gd 48,27d c - - 0.309 £+ 0.050 0.804 £ 0.081  1.71 £ 0.16
S O 24,1d c - - - 0.772 £ 0.226  2.65 £+ 0.31
16 Ey 4,61d c - - 0.876 £ 0.078  1.66 £ 0.15 2.75 £ 0.25
H6Ey 4,61d i - - 0.567 £ 0.053 0.858 £ 0.088  1.05 £ 0.10
145y 5,93d c - - - - 2.19 + 0.31
144Pm 363d i - - 1.32 £ 0.23 1.50 £+ 0.14 1.28 £ 0.16
17TNd 10,98d c - 9.16 £ 0.98  6.56 & 0.64 6.16 £+ 0.78 6.28 + 0.74
139mNq 5,5h i(m) - - - - 1.86 + 0.34
146py 24,15m c 1534+ 23 124+ 14 - - -
146py 24,15m i - 7.60 £ 2.06 - - -
138mpy 2,12h i(m) - — 2.22 £+ 0.34 2.34 £ 0.22 -
144Ce 284,893d c - - 11.6 + 1.0 121+ 1.1 116 +£ 1.3
143Ce 33,03%h c 249+19 173412 12.4 £ 0.8 11.7 £ 0.9 10.4 £ 0.9
141Ce 32,501d c 341 +27 250+ 1.8 19.0 £ 1.3 17.5 £ 1.4 15.4 + 1.3
139Ce 137,640d c 1.46 £ 022 358+ 0.32 820+ 0.54 8.33 £+ 0.62 7.82 £ 0.68
135Ce 17,7h c - - 3.08 £ 0.25 4.28 + 0.36 4.64 + 0.43
132Ce 3,51h c - - 0.701 £ 0.186  1.45 £+ 0.20 2.01 £ 0.21
42T 91,1m c 251+24 171+ 1.6 13.3 £ 1.0 11.5 £ 1.0 104 £ 1.1
140 5 1,6781d c 319+24 226+1.5 16.6 £+ 1.0 154 £ 1.1 142 £ 1.2
0L 1,6781d i 7.23 £0.62 5134042 3.22 4 0.23 2.60 £+ 0.24 2.18 £ 0.30
13214 4,8h i(m+g) - - — 2.02 + 0.31 1.73 £ 0.27
13273 4.8h c - - 2.02 £ 0.33 3.50 £+ 0.39 3.71 £ 0.44
141Ba 18,27m c 23.6 £28 16.0+ 1.8 - - -
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Table 28, continued.

Product T1/2 Type Yields [mbarn| at
0.1 GeV 0.2 GeV 0.8 GeV 1.2 GeV 1.6 GeV

1404, 12,752d c 249+19 176+£11 13.54+£0.8 1274+09 11.7£1.0
139B4, 83,06m c 321+59 21.2+ 3.8 - - -
135m By 28,7h i(lm) 2.56 £0.30 3.98 +0.33 — - -
133mPBa 38,9h i(lm) 278 £025 2774026 5114040 4.55+0.41 2.88+0.39
131Ba 11,50d c - - 6.51 £ 045 7.28+0.58 6.67 £ 0.64
12834, 2,43d c - - 2.16 £ 0.28 3.05 £ 0.45 3.54 + 0.46
138Cs 33,41m  i(m+g) - 15.4 + 2.6 — - -
138(Cs 33,41m c 249+24 186+17 142416 - -

136 Cg 13,16d  i(m+g) 139+ 1.1 9.79+0.66 596+ 0.36 4.83 +0.34 3.87 +0.33
134m g 2,903h i(m) 9.58 £0.99 7.44 £ 0.65 - - -
134Cs 2,0648y i(m+g) 9.31+1.20 10.1 £21 643 £0.52 4.78 £043 3.97 £+ 0.38
132(Cg 6,479d i 348 £ 040 5.30+ 043 695 +£0.48 5.724 0.56 4.94 £ 0.48
135mxXe  15,29m i(m) 162+ 16 11.0 £ 0.9 — - -
135Xe 9,14h  i(m+g) 17.8+1.6 13.0+1.0 819+066 6.94+0.60 588+ 0.58
135Xe 9,14h c 372+31 262420 2.0+15 187+15 168+15
133mYe 2,19d c 16.6 £ 1.3 11.54+ 0.8 7.34 £0.52 6.03 £ 0.50 4.69 £ 0.46
27Xe 36,4d c - 208+022 116+08 13.0+£09 11.8+1.0
125Xe 16,9h c - - 6.09 £ 0.39 7.57 £ 0.58 7.83 £ 0.67
1351 6,57h c 190+15 133+09 120+08 11.9+1.0 11.0+0.9
1341 52,5m  i(m+g) 145+ 1.7 108 £ 1.1 - - -

1341 52,5m c 25.7+21 184413 — - -

1331 20,8h c 324 +£27 223+£17 16.7+12 158413 145+13
1311 8,02070d c 431 £33 302+20 204+13 182+13 156=%1.3
1301 12,36h  i(m+g) 150+ 1.1 114 +0.7 885+ 0.56 6.84 £ 0.50 5.54 £ 0.47
1261 13,11d i 2.38 £0.39 5454+ 0.63 9.74 £ 089 8.62+ 1.02 6.40 + 0.73
1241 4,1760d i - - 7.83 £0.52 7.90 4+ 0.61 6.29 + 0.67
1217 2,12h c - - 3.16 £ 0.23 5.01 £0.40 6.14 & 0.54
134 e 41,8m c 114+ 1.0 7.93 £0.67 - - -
133mTe 55,4m c 114+ 1.3 755 £0.75 - - -
132 3,204d c 181+14 125408 103+0.7 100+0.8 893 +0.78
13lmTe 30h c 136+1.1 9.50+0.74 529+0.40 4.734+0.39 4.19 + 0.61
131 e 25,0m c 109+ 1.2  8.29 £ 0.70 - - -

131 e 25,0m i 2.02 £1.54 2.98 &+ 0.77 - - -
129mTe 33,6d c 1714+£28 124415 7.74+£0.85 6.66+ 0.91 6.11 £ 0.88
128mTe 119,7d i(m) 1.13+£021 3.96 =+ 0.35 — 9.05 + 0.68 7.12 & 0.63
12lmTe 154d c - - 6.28 + 0.44 6.87 £ 0.52 5.90 + 0.53
121Te 19,16d c - - 9.79 £0.74 120+09 109+ 1.0
L9m e 4,70d c - - 290 +£0.19 4.39 +£0.36 3.91 + 0.34
19T e 16,05h c - - 1.21 £ 0.09 2.23 £0.17 2.66 &+ 0.23
131Gh 23,03m c 8914+ 1.04 5.32 4+ 0.57 — - -
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Table 28, continued.

Product T1/2 Type Yields [mbarn] at
0.1 GeV 0.2 GeV 0.8 GeV 1.2 GeV 1.6 GeV

130mgy, 39,5m c* 7.45 £ 0.62 491 4+036 3.05+036 242+0.32 258+ 040
129G 4,40h c 11.8 £ 1.2 8.17 £ 0.80 - - -
128Gh 9,01h c 10.7 £ 0.9 7.15 £ 055 5.21 £0.43 4.324+0.44 3.71 £ 0.40
127G 3,85d c 27.0 £ 2.3 19.2 + 1.5 120+ 0.8 105+0.9 9.13+0.85
126G} 12,46d  i(ml+m2+g) 159 + 1.2 11.8 £ 0.8  7.804+0.47 6.32+0.45 5.18 & 0.43
12561, 2,75856y c 464 + 54 347+ 4.2 243+21 197+16 149418
12481, 60,20d  i(ml+m2+g) 16.1 + 1.2 15.4 £ 1.0 131 +£09 104 +0.8 8.22+0.73
1228} 2,7238d i(m+g) 5.78 £ 0.44 9.45+ 063 14.04+09 11.6+0.9 9.26 +0.79
120mgp, 5,76d i(m) 0.604 £ 0.050 2.55 £ 0.18 9.10 £ 0.55 8.65 + 0.61 6.94 £+ 0.57
118mgp, 5,00h i(m) - 0.584 + 0.064 6.14 +0.44 7.05 4+ 0.56 6.34 £+ 0.57
116mgp, 60,3m i(m) - - - 3.07 £ 0.26 3.82 4+ 0.36
128Gy 59,07m c 6.48 £+ 0.59 4.03 + 0.40 - - -
127G 2,10h c 9.44 £+ 1.61 597 £0.96 4804136 3.82+ 1.11 449+ 1.28
125Gn 9,64d c 157+ 3.5 105+24 7804141 7.34+165 546+ 1.25
123mGn  40,06m c 183+ 1.4 13.04+09 8574+ 0.58 7.72+0.62 7.70 & 0.69
H7mgy) 13,60d c 0.476 + 0.068  2.45 £ 0.19 125+14 11.6+0.9 10.1+09
113Gn 115,09d c - - 2.02 4+ 0.18 345+ 0.32 3.84 + 0.37
H6my 54,29m i(m1+m?2) - 723 £057 156+1.1 157+x12 13.1+1.2
LdmIy 49,51d i(m1+m?2) - 3.53+0.66 106+07 124+1.0 10.1+0.9
1l 2,8047d c - - 3.47 £0.27 545+ 043 6.47 + 0.56
101y 4,9h i - - 1.35 £ 0.10 2.55 £ 0.21 2.98 + 0.27
HmmCd 3,36h c 239+ 1.8 21.0+ 14 182 +11 146+12 126=+1.1
H7Cq 2,49h c 18.6 + 1.6 13.8 £ 1.1 109 £ 0.9 872+£0.81 6.91+0.86
H5Cq 53,46h c 48.5 + 3.7 40.6 £+ 2.7 334+21 27.8+20 220+19
HimGd  48,30m i(m) - 1.36 + 0.16 - - -
HW5Ag 20,0m c 33.9 £ 15.6 27.0 £ 12.2 - - -

U3 Ag 5,37h c 62.9 + 4.8 57.8 £ 3.9 582 £38 525+41 402+ 34
H2Ag 3,130h c 65.8 + 8.1 60.8 £ 7.2 673 £7.7 582464 48.7+6.2
H2ZAg 3,130h i 9.10 £ 1.60 14.2 £ 1.8 26.5£32 232426 188+24
HAg 7,45d c 57.5 £ 5.6 56.5 + 5.1 66.7 £5.8 57.7+54 46.6 £ 4.8
HomAg  249,76d i(m) - 3.16+029 13.34+08 136+1.0 11.34+09
106m A o 8,28d i(m) - — 247 £0.16 394+ 0.28 4.15 + 0.36
105Ag 41,29d c - - 1.53 £ 0.18 2.82 £ 0.28 3.56 & 0.32
H2pg 21,03h c 55.5 + 6.8 46.7 £ 5.5 40.6 £4.6 349+38 299+38
Himpd 5,5h i(m) 102 + 1.4 11.3 £ 1.5 14.7+20 141+£20 958+ 1.51
107Rh 21,7m c* 63.7 £ 7.6 57.1 £ 6.5 63.4+71 582469 523+6.6
106mRhH 131m i(m) - 570+ 043 186+ 1.3 180+ 1.5 14.8+ 1.3
105Rh 35,36h i(m+g) - - - 104 £ 3.6 18.0 £3.7
105Rh 35,36h c 57.5 £ 4.6 53.9 £+ 4.0 739+£53 679+54 56751
10ImRh 4,34d c - - 2.38 £0.22 3.9540.54 532+ 0.57
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Table 28, continued.

Product Ty, Type Yields [mbarn] at

0.1 GeV 0.2 GeV 0.8 GeV 1.2 GeV 1.6 GeV

100Rh 20,8h - - 1.34 £ 0.11 2.38 £ 0.19 3.08 £ 0.27
106 Ry 373.59d 59.8 £ 5.7 39.8 + 4.1 44.0 + 6.1 38.8 +£ 3.1 31.3+£29
105Ry 4,44h 60.8 + 4.9 56.1 + 3.8 60.0 + 3.7 52.4 + 3.8 42.3 4+ 3.5
103Ru 39,26d 61.1 + 4.7 57.0 £ 3.8 75.9 £ 4.7 70.1 + 5.4 57.0 £ 4.8
104 18,3m 55.1 + 4.8 454 + 3.4 414 + 3.3 342 +£29 35.8 £ 3.6
101 14,22m 64.2 £ 7.5 55.3 £ 5.2 63.5 £ 7.3 52.7 £ 8.9 50.8 £ 9.0
101 14,22m - 7.19 £ 2.89 - - -

99m e 6,01h - - 3.95 £+ 0.35 3.95 £ 0.38 3.30 £ 0.34
99m T 6,01h 54.5 + 4.4 476 + 3.4 60.1 + 4.2 57.3 £4.5 48.3 + 4.2
96T¢ 4,28d - - 2.16 + 0.18 3.84 + 0.36 4.34 + 0.41
9 Te 20,0h - - 0.964 + 0.077  2.23 £ 0.17 3.15 £ 0.27
101 Mo 14,61m c 62.6 £ 5.5 49.8 + 3.7 50.2 &+ 4.0 48.2 £ 5.0 455 £ 5.6
99Mo 65,94h c 62.9 £ 5.0 54.7 + 3.9 65.7 £ 4.6 61.0 £ 4.4 51.5 + 4.5
93mMo 6,85h i(m) - - 0.951 £ 0.074 1.88 £0.15 2.45 + 0.22
98mNb 51,3m i(m) 8.96 £ 0.80 114 + 0.8 18.5 £ 1.2 16.7 £ 1.3 14.0 + 1.2
96Nb 23,35h i 1.86 £ 0.16  4.45 &+ 0.32 176 £ 1.1 19.3 + 1.4 16.5 £ 1.5
9%5Nb 34,975d  i(m+g) — 1.88 £ 0.58  16.7 + 1.1 19.5 £ 1.4 177+ 1.5
9 Nb 34,975d c 54.6 + 4.6 48.6 £ 4.3 70.1 + 4.4 67.9 £4.9 60.3 £ 5.0
92mNb 10,15d i(m) - - 0.496 £+ 0.044 0.609 £ 0.090 0.869 % 0.082
9ONb 14,60h c* - - 0.807 £ 0.064 1.89 £ 0.14 2.51 +0.21
Zr 16,744h c 50.1 + 3.8 39.5 + 2.6 35.3+ 2.3 319+ 2.3 271+ 2.3
957y 64,02d c 52.8 & 3.9 46.2 £ 3.0 50.9 &+ 3.2 46.3 + 3.3 394+ 3.5
897r 78,41h c - - 3.05 £ 0.20 5.83 £+ 0.43 6.98 + 0.58
887r 83,4d c - - 1.04 £+ 0.08 2.27 £ 0.18 2.96 + 0.25
9y 18,7m i 46.3 + 4.4 34.6 + 3.1 34.0 £ 2.9 34.2 + 3.2 31.7+ 35
93y 10,18h c 44.8 £ 5.8 38.6 + 4.7 387+ 6.4 373+ 4.7 334+ 5.7
92y 3,54h c 50.4 + 7.0 44.6 £ 6.0 50.5 + 6.7 45.9 + 6.4 40.8 £ 59
92y 3,54h i 15.0 £ 2.7 15.7 + 2.8 20.8 + 3.7 154 £+ 3.5 174 £+ 3.5
Imy 49,71m  i(m) — — 16.5 + 1.1 179 £ 1.3 -
Ibmy 49,71m - - 36.2 £ 2.3 35.1 £ 2.6 13.8 + 23.7
90my 3,19h 0.765 £ 0.077 2.12 £ 0.14 12.3 £ 0.8 14.8 + 1.1 145+ 1.5
88y 106,65d - 1.14 £ 0.34  6.74 £+ 0.52 10.9 £ 0.8 11.2+ 0.9
88y 106,65d c - 2.44 £ 045  7.62 £ 0.50 12.9 £ 0.9 142+ 1.2
87y 79,8h c - - 3.28 £+ 0.22 6.54 £ 0.48 7.75 £+ 0.65
86y 14,74h c - - 1.10 £ 0.08 2.56 £+ 0.19 3.21 4+ 0.27
928y 2,71h c 374 + 3.6 30.7 £ 2.7 28.3 +£ 2.4 25.9 £ 2.7 21.6 + 2.2
918y 9,63h c 40.3 £ 3.3 345 £ 2.5 344 + 21 30.6 £ 2.3 25.5 + 2.2
85Gr 64,84d c - - 3.96 + 0.32 7.16 £ 0.62 8.69 £+ 0.82
83Gy 32,41h c - - - 1.33 + 0.63 1.69 + 0.80
89Rb 15,15m c* 35.7 £ 3.3 28.9 + 2.3 29.6 + 2.4 28.1 + 3.2 31.1+44

84



Table 28, continued.

Product Ty Type Yields [mbarn] at

0.1 GeV 0.2 GeV 0.8 GeV 1.2 GeV 1.6 GeV
88Rb 17,78m c 36.5 + 3.6 31.7+ 26 — - -
88Rb 17,78m i 10.3 £ 2.1 9.79 + 1.41 - - -
86Rb 18,631d  i(m+g) - - 15.8 £ 1.0 18.6 £ 1.4 175+ 1.5
84mRb 20,26m i(m) - - - 7.85 + 0.71 10.6 £ 1.0
83Rb 86,2d c - - 4.75 £+ 0.40 8.99 £+ 0.76 10.2 + 1.0
82mRh 6,472h i(m) — — - 3.61 £ 0.35 4.17 £ 043
88Kr 2,84h c 242+ 1.9 20.1+ 14 164+ 1.1 144+ 1.3 130+ 1.1
87Kr 76,3m c 26.0 + 2.9 22.4 + 2.3 20.6 + 1.8 18.4 + 1.7 158 £ 1.9
85m Ky 4,480h c 180+ 1.5 15.5 £ 1.2 153+ 1.4 139+ 1.4 114 + 1.2
84Br 31,80m c 14.4 £ 1.8 123+ 1.5 - - -
82Br 35,30h  i(m+g) 1.34 £ 0.13 2.88 £ 0.19 109 + 0.7 12.1 + 0.9 10.4 = 0.9
""Br 57,036h c - - 1.13 £ 0.10 1.57 £ 0.15 2.42 £ 0.25
83Ge 22.3m c 7.78 &+ 1.00 6.81 + 0.62 - - -
7Se 119,779d c - - 1.38 £ 0.17 2.99 + 0.26 3.75 + 0.34
8 As 90,7m c 5.86 &+ 1.00 6.04 + 0.95 10.8 + 1.2 11.0 £ 1.8 111+ 1.5
8As 90,7m i - - 7.10 £ 0.94 8.23 + 1.53 9.02 £+ 1.36
T6As 1,0778d i - - 5.68 + 0.45 8.12 + 0.70 8.36 + 0.79
T As 17,77d i - - 2.85 + 0.27 4.99 + 0.50 5.96 + 0.64
8Ge 88m c 3.61 + 0.35 3.42 + 0.26 3.70 &+ 0.38 3.18 £ 0.38 2.78 + 0.50
Ge 11,30h c 2.38 + 0.19 2.74 + 0.19 4.21 + 0.33 3.91 + 0.34 2.85 + 0.28
BGa 4,86h c 1.68 + 0.15 2.46 £+ 0.18 6.32 £ 0.47 6.61 + 0.54 6.74 £+ 0.68
2Ga 14,10h  i(m+g) 0.434 + 0.174 0.747 £ 0.096  4.83 £ 0.39 5.84 + 0.47 5.69 + 0.55
2Ga 14,10h c 1.70 £ 0.17 2.51 + 0.19 7.88 &+ 0.57 8.97 + 0.68 8.27 £ 0.82
27n 46,5h c 1.27 £ 0.18 1.77 £ 0.16 2.89 + 0.21 2.88 + 0.24 2.34 + 0.23
mzn 3,96h c 0.600 £+ 0.087 0.941 + 0.075  3.07 + 0.23 3.55 + 0.30 3.05 £ 0.28
69m7n 13,76h i(m) - - 3.33 + 0.22 4.68 + 0.34 4.70 £+ 0.40
657n 244 .26d c - - - 1.41 £ 0.16 1.74 £ 0.26
66Ni 54,6h c - - 2.62 + 0.24 3.23 + 0.43 2.81 + 0.44
58Co 70,86d  i(m+g) - - 0.334 + 0.043 0.831 £ 0.068  1.30 & 0.16
59Fe 44.,472d c - - 2.96 + 0.28 4.34 + 0.35 4.50 + 0.39
56Mn 2,5789h c - - - 3.72 + 0.40 4.00 £+ 0.45
54Mn 312,11d i - - - - 1.56 + 0.22
8y 15,9735d c - - 0.203 £+ 0.030 0.141 £ 0.038 0.252 & 0.040
483c 43.67h i - - 0.573 + 0.065 1.17 £ 0.11 1.40 £+ 0.12
168¢ 83,79d  i(m+g) - - - 1.00 £ 0.10 1.77 £ 0.15
48K 22.3h c - - 0.503 + 0.057  1.42 + 0.11 1.91 £ 0.17
28Mg 20,915h c - - 0.295 + 0.027 0.608 £ 0.052  1.02 £ 0.09
24Na 14,9590h c 0.386 £+ 0.046 0.196 + 0.023 - 1.27 £ 0.11 2.42 + 0.22
"Be 53,29d i - - 3.91 + 0.47 5.78 + 1.23 5.82 + 0.61
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3.9 Experimental yields for “Tc irradiated with 0.1, 0.2, 0.8, 1.2, 1.6

GeV protons.

Table 29 presents the parameters of Tc irradiations. Table 30 presents the yields of residual

nuclide products measured.

Table 29: Parameters of °Tc¢ irradiation.

E, Sample Monitor Irradiation Proton Number of measured EXPDATA

(GeV) weight  weight duration Flux v -spectra of index
(mg) (mg) (min) p/cm? sample /monitor

0.1 56.6 163.1 50 7.0 x 10%2 37 /11 tc99100

0.2 48.4 169.5 40 1.8 x 103 31 /10 99200

0.8 57.7 122.9 60 4.0 x 1013 41 /20 99800

1.2 47.6 186.0 16 1.1 x 10'3 44 /9 tc9912g

1.6 52.5 49.9 45 2.3 x 1013 32 /10 tc9916g

Table 30: Experimental yields from ?°Tc irradiated with 0.1, 0.2, 0.8, 1.2, 1.6 GeV protons.

Product Ty Type Yields [mbarn]| at
0.1 GeV 0.2 GeV 0.8 GeV 1.2 GeV 1.6 GeV

9"Ru 2,791d i 32.4 £ 2.5 14.0 £ 1.0 3.58 £023 4.02+ 033 228 +023
%Ru 1,643h i 1814+1.6  6.30 £ 0.60 1.66 +0.17 140+ 0.11 1.05+0.21
YRu 51,8m i 7.28 £0.80 231 £0.30 0.692 £ 0.176 - -
9mre 6,01h i(m) - 7.42 + 0.60 7.22 +£048 878+ 0.78 7.20 £ 0.63
%7 4,28d i(m+g) 98.0 + 7.4 50.0 £ 3.4 26.7 £ 1.6 272+£21 210+ 18
95me 61d i(m) - - 4.10 + 0.33 - -
BTe 20,0h c 107. & 8. 49.0 + 3.4 212 + 1.3 201+15 152+ 1.3
9dmTe 52,0m i(m) 16.3 £ 1.6  8.68 4+ 0.78 - - —
94mm 52,0m c 2334+ 1.8 10.8 + 0.8 3924+ 029 3354029 240+ 025
MTe 293m i 62.4 £ 4.7 27.4 £+ 1.8 10.7 £0.6 958 £0.71 7.73 £ 0.65
9Bme 43,5m c 276 £ 025 1.58 4+ 0.16 - - -
BTe 2,75h c 50.9 + 4.0 21.7 £ 1.5 8.03 £0.51 6.85+ 0.62 5.21 £ 0.47
9Bm\o 6,85h i(m) 16.0 £ 1.2 10.9 + 0.8 6.51 £ 0.41  6.06 + 0.47 4.65 + 0.40
P\Mo 5,56h c 4.50 £0.39  7.06 £ 0.59 4.56 £ 0.35  3.96 & 0.36 2.78 % 0.36
9Nb 72,1m i(m+g) - 0.447 4+ 0.054 - - -
%Nb 23,35h i - - 3.21 £0.21  3.30 £0.38 2.97 £ 0.28
95mNh 86,6h i(m) - - 4.30 £ 0.77 - -
BNb 34,975d i(m+g) - - 585+ 0.36 627 £ 0.85 5.09 & 0.46
9%Nb 34,975d i - - 1.55 £ 0.73 - -
2mNb - 10,15d i(m) 6.96 £ 0.66 547 4+ 0.42 438 £027 518 £0.60 3.55 + 0.38
PONb 14,60h  i(ml+m2+g) 27.0 £ 2.2 35.0 £ 2.4 279 £ 1.7 251+£20 191 +1.6
ONb 14,60h c 316 24 4194+ 238 32.6 £ 2.0 284 +22 215+1.9
89mNh 66m i(m) - 1.97 £ 0.36 - 1.98 £0.21 1.34 £0.18
89Nb 2,03h c - 26.5 + 3.8 25.0 & 4.0 265 + 6.5 15.6 + 2.9
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Table 30, continued.

Product T/ Type Yields [mbarn| at

0.1 GeV 0.2 GeV 0.8 GeV 1.2 GeV 1.6 GeV
88mNh 7,8m i(m) - - - 3.23 4 0.56 -
897y 78,41h c 880 £0.75 432429 448 £27 391429 296 + 2.5
887y 83,4d c - 28.3 £+ 2.2 354 4+22 314+25 24.3 £ 2.1
877y 1,68h c - 15.6 + 1.2 235+ 1.7 205+1.9 128 + 1.6
867y 16,5h c - 509 +£036 11.0+£0.7 944 +£0.78 6.66 £ 0.59
omy 3,19h i(m) - - 1.28 £ 0.09 1.54 £0.13  1.30 & 0.12
88y 106,65d  i(m-+g) - 843 £1.12 118 +0.8 132437 800+£0.75
88y 106,65d c —~ 34.6 £ 4.1 46.6 £3.1 369 £6.7 32.7+ 3.4
8Tmy 13,37h i(m) - 883 +085 178+ 15 162+ 1.6 147+ 1.6
8tmy 13,37h c 398 +£034 245416 413 £25 36.7+ 2.8 28.0 + 2.4
8Ty 79,8h c 4054032 259418 442 £26 397 +29 302+ 25
86my 48m i(m) - 756 £054 167 £ 1.1 157+ 1.2 11.2 £ 1.0
86y 14,74h  i(m+g) - 11.1 +£ 0.8 250 +£15 228 £1.7 1724+ 1.5
86y 14,74h c - 158 £ 1.1 358 +£21 316+ 24 23.6 £ 2.0
85my 4,86h c - 5.16 £ 0.97 1414+13 154420 112 +1.9
85y 2,68h c - 206 +£021 566 +099 598 +063 451+ 050
8ty 39,5m c - 2.64 £0.19 11307 105£0.8 747+ 0.65
85Gr 64,84d c - 141415 410 £31 357449 32.8 + 3.1
83Gr 32,41h c - 4.06 £1.96 28.1+£7.6 27.9+£78 20.5 £ 5.7
82Gy 25,55d c - - 174 + 1.4 135+ 14
81Gy 22.3m c - - 3.83+0.70 4.69 £0.76 4.22 £ 0.73
80Gy 106,3m c - - 1.70 £ 027 1534+ 029 149 +0.31
84mRh 20,26m  i(m) - 0.626 £ 0.109 3.52 &£ 0.31 3.78 £0.37 2.73 + 0.31
81Rb 32,77d  i(m+g) - - 4.99 + 0.34 4.20 + 0.39
83Rb 86,2d c - - 39.8+£29 39.6 + 4.2 28.4 + 2.8
82mRh 6,472h i(m) —~ 208 £0.17 149+0.9 151+ 1.1 11.1 £ 1.0
81Rb 4,576h c - 212+ 0.18 28.04+20 28.7+25 21.1 + 2.0
Rb 22.9m c* - - 6.63 + 0.88 7.62 +£0.71 5.12 £ 0.55
Ky 35,04h c - - 226 £1.5 242+1.9 20.0 + 1.8
Ky 74,4m c - - 822+ 0.65 10.0£0.9 7.7240.77
6Ky 14,8h c - - 248 +£ 038 3.76 £0.89 294 + 0.96
82Br 35,30h  i(m+g) - - - 0.370 & 0.099
"Br 57,036h c - - 1894+13 236419 178 £ 1.6
5By 16,2h  i(m+g) - - 114 £08 13.7+ 1.7 131 +16
6Br 16,2h c - - 134410 154425 173+ 25
Tam By 46m i(m) —~ —~ 245+ 028 3.18 £036 2.80 + 0.34
5Ge 119,779d c - - 181 +1.3 26.7+3.3 214 + 1.8
73mgGe 39,8m c - - - 5.80 + 1.66  4.47 + 1.44
3Se 7,15h c - - 7354+ 046 106 £0.8 927 4+ 0.80
3Se 7,15h i - - 6.33 £ 0.87 6.36 +1.34  6.00 + 1.17
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Table 30, continued.

Product T/ Type Yields [mbarn| at

0.1 GeV 0.2 GeV 0.8 GeV 1.2 GeV 1.6 GeV
Ge 8,40d c — — 2.93 + 0.21 2.49 + 1.10 —
As 17,77d i - - 3.53 £ 0.33 6.27 £ 0.82 4.66 &+ 0.51
As 26,0h c - - 10.9 + 0.7 16.0 £ 1.5 128 + 1.8
As 26,0h i - - 7.97 £ 0.55 11.5 £ 1.1 11.3 £ 1.3
TAs 65,28h c - - 7.77 £ 0.52 131+ 1.1 11.6 + 1.0
0As 52,6m c - - - 5.35 £ 0.56 3.82 £ 0.44
A 52,6m i - - - 4.70 &+ 0.66 2.78 &+ 0.57
69Ge 39,05h c - - 4.66 + 0.50 8.92 + 1.82
67Ge 18,9m c - - 0.840 + 0.138  1.53 & 0.17 1.43 4+ 0.24
67Ga 3,2612d c - - 5.28 & 0.52 14.8 £ 2.4 13.0 £1.2
66Ga 9,49h c* - - 2.80 & 0.22 6.79 £ 0.63 6.77 &+ 0.78
69mzn 13,76h i(m) - - - 1.11 £ 0.17 1.21 £ 0.22
657n 244,26d c - - 4.35 + 0.53 128 £ 1.4
0o 70,86d  i(m+g) - - 1.33 +£ 0.14 6.31 £ 0.56
%6Co 77,233d c —~ —~ —~ 1.56 & 0.30
56 Mn 2,5789h c - - - 0.811 £ 0.098  1.12 £ 0.11
>Mn 312,11d i - - - 7.24 £+ 0.81
52Mn 5,591d c - - 0.273 £ 0.029 1.33 £ 0.12
48y 15,9735d c* - - 0.333 £ 0.029 1.71 £ 0.16
465¢ 83,79d  i(m+tg) - - - 1.91 £ 0.27
Ay 109,34m c - - - 0.443 £ 0.073
24Na, 14,9590h c - - 0.341 + 0.038 0911 £ 0.100  1.06 £ 0.12
"Be 53,29d i —~ —~ 4.16 £ 0.91 9.89 + 1.77
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3.10 Experimental yields for *°Co irradiated with 0.2, 1.2, 1.6, 2.6 GeV

protons.

Table 31 presents the parameters of **Co irradiations. Table 32 presents the yields of residual
nuclide products measured.

Table 31: Parameters of *?Co irradiation.

E,  Sample Monitor Irradiation  Proton  Number of measured EXPDATA
(GeV) weight  weight  duration Flux v -spectra of index
(mg) (mg) (min) p/cm? sample/monitor
0.2 199.4 108.7 60 2.3 x 10 41 / 8 €059200
12 2027  95.9 15 5.1 x 107 15 /10 c05912g
1.6 197.0 140.2 60 8.5 x 101° 40 / 10 c05916g
2.6 200.5 118.2 30 6.4 x 101° 44 /10 €05926¢g

Table 32: Experimental yields from °°Co irradiated with 0.2, 1.2, 1.6, 2.6 GeV protons.

Product T/ Type Yields |[mbarn| at
0.2 GeV 1.2 GeV 1.6 GeV 2.6 GeV

°Ni 35,60h ¢ 0.781 £ 0.074 0.274 £ 0.021 0.246 = 0.020 0.223 £ 0.020
BmCo 9,15h i(m) 40.7 £ 3.7 329 + 2.6 32.9 + 3.0 29.5 £ 2.7
Co 70,86d  i(m+g) 63.5 £ 5.7 51.3 £ 3.7 50.1 £ 4.1 47.8 £ 3.9
%Co 70,86d 1 228 £ 2.2 185 £ 1.7 173 £ 2.0 182 £ 1.8
*Co 271,79d ¢ 49.2 £ 4.4 272+ 1.9 26.0 £ 2.1 242 £ 2.0
%Co 77,233d ¢ 158 £ 14 6.91 & 0.48 6.31 £ 0.50 2.63 £ 0.45
%Co 17,53h c 2.53 £0.23 1.00 £ 0.08  0.905 £ 0.076 0.762 £ 0.065
MFe 44.472d c - 0.555 £ 0.043 0.583 £ 0.049 0.537 £ 0.048
2Fe 8,275h ¢ 0.255 £ 0.024 0.165 £ 0.013 0.138 £ 0.012 0.120 £ 0.011
% Mn 2,5789h ¢ 4.54 £ 0.41 0.94 £ 0.42 5.61 £ 0.45 4.99 £ 0.41
*Mn 312,11d 1 35.8 £ 3.2 26.8 £ 1.9 245 £ 2.0 21.3 £ 1.8
2mMn 21,1m i(m) 4.57 £ 0.43 3.17 £ 0.25 2.99 + 0.26 245 £ 0.22
S2mNn 21,1m ¢ 4.82 £ 0.45 3.37 £ 0.26 3.19 + 0.28 2.61 £ 0.23
%2Mn 5,591d c 12.0 £ 1.1 8.39 £ 0.59 7.29 £ 0.58 6.14 £ 0.50
"LOr 27,7025d ¢ 314 £ 29 29.0 £ 2.2 253 £ 21 214 £ 1.8
¥Cr 42,3m ¢ 2.82 £ 0.28 3.64 £ 0.30 3.25 £ 0.29 2.61 £ 0.24
8BCr 21,56h ¢ 0.252 + 0.023 0.456 £ 0.034 0.390 £ 0.033 0.317 £ 0.027
48y 15,9735d ¢ 843 + 0.75  14.9 + 1.0 13.0 & 1.0 10.6 & 0.9
8Sc 43,67h 1 0.186 £ 0.017 0.785 £ 0.055 0.693 £ 0.058 0.625 £ 0.051
7S¢ 3,3492d ¢ 1.14 £ 0.10 4.11 £ 0.30 3.71 £ 0.30 3.20 £ 0.27
7S¢ 3,3492d 1 1.09 £ 0.10 4.03 = 0.30 3.60 £ 0.30 3.12 £ 0.26
16S¢ 83,79d i(m+g) 2.52 + 0.26 9.91 £ 0.70 8.84 £+ 0.71 7.42 + 0.60
Hmg 58,6h  i(m)  1.28 £ 0.11  7.91 £ 058 7.0l £ 0.58  5.85 &+ 0.48
HSc 3,927h  i(m+g) 2.41 + 0.22 147+ 1.1 132 £ 1.1 10.9 £ 0.9
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Table 32, continued.

Product T2 Type Yields [mbarn| at
0.2 GeV 1.2 GeV 1.6 GeV 2.6 GeV

#Sc 3,927h i 1.17 £ 0.11 7.10 £ 0.52 6.47 £ 0.53 5.30 £ 0.44
3Sc 3,891h ¢ 0.491 £ 0.048 4.64 £ 0.37 4.22 + 0.37 3.46 £ 0.31
17Ca 4,536d ¢ 0.051 £ 0.009 0.087 £ 0.010 0.099 = 0.010 0.082 £ 0.010
BK 22,3h ¢ 0.107 £ 0.010  1.70 £ 0.12 1.64 £ 0.13 1.42 £ 0.11
2K 12,360h 1 0.357 £ 0.033  5.15 £ 0.38 4.81 £ 0.39 4.17 £ 0.35
HAr 109,34m ¢ 0.036 £ 0.004 0.929 £ 0.068 0.918 £ 0.075 0.836 £ 0.070
39C1 55,6m ¢ - 0.608 £ 0.045 0.630 £ 0.053 0.566 £+ 0.049
3] 37,24m  i(m+g) - 201 +£0.15 2144018  1.93 £ 0.17
BCl 37,24m ¢ - 2.07 £ 0.16 2.20 £ 0.19 2.00 £ 0.17
3m] 32,00m i(m) - 0.670 £ 0.051 0.745 £ 0.064 0.704 £ 0.061
383 170,3m ¢ - 0.064 £ 0.006 0.064 £ 0.006 0.066 = 0.007
29A1 6,56m ¢ - 1.48 £ 0.20 2.36 £ 0.23 2.56 £ 0.24
Mg 20,915h ¢ - 0.264 £ 0.019 0.353 £ 0.028 0.432 £ 0.035
2"Mg 9,462m ¢ - 0.819 £ 0.089 1.43 £ 0.18 1.53 £ 0.14
2Na 14,9590h ¢ - 2.13 £ 0.16 2.88 £ 0.23 3.77 £ 0.31
22Na, 2,6019y ¢ - 1.35 £ 0.16 1.74 £ 0.15 2.46 £ 0.22
"Be 53,29d 1 - 5.52 £ 0.52 6.58 = 0.66 8.78 £ 0.89
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3.11 Experimental yields for %Cu irradiated with 0.2, 1.2, 1.6, 2.6 GeV
protons.

Table 33 presents the parameters of %Cu irradiations. Table 34 presents the yields of residual
nuclide products measured.

Table 33: Parameters of **Cu irradiation.
E,  Sample Monitor Irradiation  Proton  Number of measured EXPDATA

(GeV) weight  weight  duration Flux v -spectra of index
(mg) (mg) (min) p/cm? sample/monitor
0.2 85.3 118.6 o4 1.5 x 10 38/7 cu63200
1.2 80.2 49.4 70 8.5 x 103 44 / 23 cub312g
1.6 87.6 120.4 60 8.5 x 1013 48 /10 cub316g
2.6 87.3 118.5 60 2.2 x 1013 44 /7 cu6326g

Table 34: Experimental yields from ®3Cu irradiated with 0.2, 1.2, 1.6, 2.6 GeV protons.

Product Ty, Type Yields [mbarn| at

0.2 GeV 1.2 GeV 1.6 GeV 2.6 GeV
637Zn 38,47m i 217 £ 0.33 1.33 £ 0.20 - -
627n 9,26h i 2.06 £ 0.17 0481 £0.053 0.328 £ 0.036 0.336 £ 0.035
1Cu 3,333h ¢ 295 £ 3.0 149 £ 1.7 122 £ 1.5 126 £ 1.5
Cu 23,7m c* 8.44 + 0.57 3.46 £ 0.25 2.76 £ 0.23 2.62 £ 0.22
STNi 35,60h ¢ 2.16 = 0.19 1.18 £ 0.10  0.824 £ 0.069 0.777 £ 0.074
%0Ni 2,9d i 0.147 £ 0.011 0.086 £ 0.012 - -
61Co 1,650h c - 5.29 + 1.92 - —

0Co 52714y i(m+g) 943 +£1.30 927 £0.68  6.744+0.55 839 £ 0.88
8m (o 9,15h i(m) 26.8 £+ 2.0 20.0 £+ 2.9 12.1 £ 2.3 152+ 1.6
8Co 70,86d i(m+g)  42.2 £28 31.0 + 2.2 23.7+ 1.9 23.1+ 1.9
8 Co 70,86d i 155 + 1.4 11.0 £ 2.6 11.6 £ 2.2 7.97 + 1.12
5Co 271,79d c 44.0 + 2.9 29.5 + 2.1 221 + 1.8 21.5+ 1.8
57Co 271,79d i — 27.1 £ 2.0 — -
%6Co 77,233d c 14.1 £ 0.9 9.68 £ 0.67  7.104£0.57  6.94 £ 0.57

C

C

% Co 17,53h 2.28 £ 0.16 1.73 £ 0.13 1.28 £ 0.11 1.17 £ 0.10
MFe 44.472d 0.468 + 0.065 0.931 4+ 0.070 0.757 £ 0.065 0.757 + 0.078
»Fe 8,51m c* — 2.19 £ 0.37 — —

e 8,275h ¢ - 0.264 + 0.021 - -

e 8,275h i 0.158 £ 0.012 - 0.194 4+ 0.017 0.174 £+ 0.016
%Mn 2,5789h ¢ 1.73 £ 0.11 2.96 = 0.18 2.03 £ 0.16 1.91 £ 0.16
>Mn 312,11d 1 174 £ 1.2 21.7 £ 1.5 16.4 £ 1.3 154 £ 1.3

52m\n 21,1m i(m) 2.25 £ 0.17 3.26 = 0.26 2.53 £ 0.22 2.11 £ 0.19
S2m\Mn 21,1m ¢ 2.39 £ 0.18 3.54 £ 0.28 275 £0.24 2.26 £ 0.20
>2Mn 5,591d ¢ - 9.91 £ 0.70 - -
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Table 34, continued.

Product T2 Type Yields [mbarn| at

0.2 GeV 1.2 GeV 1.6 GeV 2.6 GeV
52Mn 5,591d i 5.99 + 0.39 — 735 £0.59  6.54 &+ 0.54
S1Cr 27.7025d ¢ 12.8 £ 0.9 28.8 £+ 2.2 21.7 + 1.8 19.8 £ 1.7
9Cr 42.3m ¢ 1.04 £0.09  4.08+£0.34  320+£029  2.78 £ 0.26
BCr 21,56h ¢ —~ 0.558 £ 0.041 —~ -
BCr 21,56h i 0.084 £ 0.006 —~ 0.427 £ 0.035 0.383 £ 0.033
8y 15,9735d ¢ 2.67 £ 0.17 152+ 1.1 11.6 + 0.9 10.6 £ 0.9
8BS 43,67h i —~ 0.581 £ 0.041 0.483 & 0.039 0.451 + 0.040
7S¢ 3,3492d ¢ 0.241 £ 0.017 331 +£0.24 264 +0.22 250+ 0.21
47S¢ 3,3492d i - - 2.56 + 0.21 2.43 £+ 0.21
465 83,79d  i(m+g) 0.605 £ 0.062 829+ 0.58  6.68 £0.55  6.37 & 0.56
4mG. 58,6h i(m) 0.308 £0.022 7.49 4+ 0.58  6.44 +£0.53  5.93 4 0.51
#Sc 3,927h  i(m+g) 0.548 +0.038  13.5 £ 1.0 11.0 + 0.9 10.0 + 0.8
G 3,927h i 0.266 £ 0.019 6.34 +0.46 518 £ 0.42  4.57 4+ 0.38
3Sc 3,891h c — 4.72 £ 0.87 — —
47Ca 4,536d ¢ —~ 0.071 £ 0.009 0.064 & 0.009 0.065 £ 0.014
BK 22.3h c —~ 128+ 0.09  1.134+0.09  1.10 £ 0.09
2K 12,360h i —~ 4.09+£0.30 3574030  3.51 £ 0.30
HAr 109,34m ¢ —~ 0.708 £+ 0.053 0.645 &+ 0.053 0.683 £ 0.058
3901 55,6m ¢ —~ 0.442 £ 0.034 0.436 & 0.037 0.479 £ 0.050
38C1 37,24m ¢ —~ 1.50 £ 0.12 1.55+0.13  1.64 £ 0.15
34m (] 32,00m  i(m) —~ 0.585 £ 0.050 0.591 & 0.053 0.676 £ 0.066
29A1 6,56m ¢ —~ 1.134+0.14 156 +0.17  1.83 £ 0.49
BMg 20,915h ¢ —~ 0.195 + 0.014 0.245 4 0.020 0.357 £ 0.030
2"Mg 9,462m ¢ —~ 0.503 £ 0.074 0.713 £ 0.079  1.15 £ 0.15
24Na, 14,9590h ¢ —~ 1.73+£0.12 2164+ 0.18  3.31 £0.28
22Na 2,6019y ¢ —~ 1.39 £ 020 1454013  2.72 £ 0.90
"Be 53,29d i —~ 547 £0.51 5854059  8.71 £ 0.92
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3.12 Experimental yields for %Cu irradiated with 0.2, 1.2, 1.6, 2.6 GeV

protons.

Table 35 presents the parameters of °Cu irradiations. Table 36 presents the yields of residual
nuclide products measured.

Table 35: Parameters of %°Cu irradiation.

E,  Sample Monitor Irradiation  Proton  Number of measured EXPDATA
(GeV) weight  weight  duration Flux v -spectra of index
(mg) (mg) (min) p/cm? sample/monitor
0.2 80.0 120.3 60 1.7 x 103 40 / 8 cu65200
1.2 92.6 49.8 70 1.1 x 10™ 45 /20 cu6512g
1.6 80.1 120.1 60 4.0 x 10%° 43 /9 cu6516g
2.6 80.0 119.5 60 2.5 x 101 41 )7 cub6526g

Table 36: Experimental yields from ®°Cu irradiated with 0.2, 1.2, 1.6, 2.6 GeV protons.

Product Ty

Type Yields |[mbarn| at
0.2 GeV 1.2 GeV 1.6 GeV 2.6 GeV

65Zn
63Zn
BZZH
64Cu
GICu
GOCu
65Ni
57Ni
56Ni
62mCO
6100
GOCO
58mCO
5800
5800
5700
5700
5GCO
55CO
59]::‘e
53Fe
52Fe
56Mn
54Mn

244,26d
38,47m
9,26h
12,700h
3,333h
23,7Tm

2,51719h

35,60h
5,9d
13,91m
1,650h
50,2714y
9,15h
70,86d
70,86d
271,79d
271,79d
77,233d
17,53h
44.472d
8,51m
8,275h
2,5789h
312,11d

2.88 £ 0.22 1.73 £ 0.13 1.54 £ 0.15 2.19 £ 0.25
4.34 £ 0.33 1.32 &£ 0.26 - -

0.970 £ 0.087 0.219 £ 0.027 0.159 £ 0.023 0.147 £ 0.022
68.1 £+ 4.8 61.4 £ 4.7 62.5 £ 5.4 60.2 £ 5.4
14.0 £ 1.5 0.42 £ 0.62 4.98 £ 0.60 4.06 £ 0.51

c* 3.10 £ 0.21 1.08 £0.08 0.893 £ 0.076 0.770 = 0.070
¢ - 0.390 £ 0.043 - 0.348 £ 0.036
¢ 0.572 £ 0.040 0.392 £ 0.035 0.311 £ 0.026 0.251 £ 0.023
1 - 0.356 £ 0.084 - -

i(m) 1.17 £ 0.10 1.63 £ 0.11 1.63 £ 0.15 1.38 £ 0.13
¢ 5.11 £ 0.68 6.52 £ 0.87 7.40 = 0.89 6.25 £ 1.11

i(m-+g) 199 £ 1.5 16.8 == 1.2 157+ 1.3 14413
i(m) 239 £ 1.7 19.9 £ 2.2 16.0 = 2.3 129 £ 1.5
i(m-+g) 34.3 £ 2.3 254 £ 1.8 220 £ 1.8 19416

1 10.4 £ 1.0 0.47 £ 1.68 6.04 = 1.96 6.44 + 1.14
¢ 246 £ 1.6 18.6 £ 1.3 159 £ 1.3 13.7 £ 1.2

1 - 185 £ 1.3 - -

¢ 5.95 £ 0.40 5.08 £+ 0.36 4.35 £ 0.35 3.70 £ 0.32
¢ 0.681 £ 0.049 0.739 £ 0.056 0.600 £ 0.062 0.498 £ 0.046
¢ 2.65 £ 0.19 4.19 £ 0.33 4.01 £ 0.33 3.75 £ 0.33
c* - 1.30 £ 0.43 - -

¢ - 0.098 + 0.016 0.074 £ 0.008 0.069 £ 0.006
¢ 3.49 £ 0.23 6.04 £ 0.43 5.53 £ 0.45 4.92 £ 0.41
1 13.1 £ 0.9 225+ 1.6 19416 164+ 14
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Table 36, continued.

Product T/ Type Yields [mbarn| at

0.2 GeV 1.2 GeV 1.6 GeV 2.6 GeV
22mNn 21, 1m i(m) 0.802 £ 0.062 2.06 £ 0.16 1.77 £ 0.15 1.38 £ 0.13
S2m\n 21,1m ¢ 0.839 £ 0.064  2.20 £ 0.17 1.87 £ 0.16 1.46 £ 0.14
"2Mn 5,591d ¢ 2.42 £ 0.16 6.69 £+ 0.47 0.82 £ 0.47 4.70 £ 0.39
510y 97,7025d ¢ 6.06 + 0.46 235+ 1.8 20.5 4 1.7 17.1 + 1.5
¥C0r 42 3m ¢ - 2.40 £ 0.20 2.13 £ 0.20 1.75 £ 0.17
BCr 21,56h ¢ - 0.260 £ 0.019 0.233 £ 0.019 0.192 + 0.017
Y 15,9735d ¢ 0.906 £ 0.061 11.0 £ 0.8 9.79 £ 0.78 8.21 £ 0.69
8Sc 43,67h 1 0.055 £ 0.006  1.21 £ 0.09 1.16 £ 0.09 1.03 £ 0.09
7S¢ 3,3492d ¢ 0.248 £ 0.018  4.99 £ 0.36 4.77 £ 0.39 4.15 £ 0.36
7S¢ 3,3492d i - 4.81 £ 0.35 4.60 £ 0.38 4.00 £ 0.34
16Sc 83,79d  i(m+g) - 9.77 £ 0.68 9.34 £ 0.75 7.82 £ 0.66
mGe 58,6h i(m)  0.102 £ 0.009 5.91 £+ 0.43 6.00 = 0.50 5.17 £ 0.45
g 3,927h  i(m+g) 0.187 £0.015 104+0.7  10.1+08 875+ 0.74
HSc 3,927h 1 0.084 £ 0.007 4.80 £ 0.35 4.66 £ 0.38 3.93 £ 0.33
3Sc 3,891h ¢ - 3.10 £ 0.76 - -
17Ca 4,536d ¢ - 0.182 £ 0.014 0.174 £ 0.017 0.168 = 0.020
BK 22,3h ¢ - 1.98 £ 0.14 2.07 £ 0.16 1.91 £ 0.16
2K 12,360h i - 4.82 £ 0.35 9.25 £ 0.43 4.77 £ 0.41
UAr 109,34m ¢ - 1.08 £ 0.08 1.22 + 0.10 1.20 £+ 0.10
39C1 55,6m ¢ - 0.679 £ 0.051 0.788 £ 0.066 0.812 £ 0.071
38C1 37.24m  i(m-+g) - 1.90 £ 014  2.23+£0.19 210 £ 0.19
38C1 37,24m ¢ - 1.99 £ 0.15 2.30 £ 0.19 2.21 £ 0.20
3im ] 32,00m i(m) - 0.329 £ 0.032 0.425 £ 0.042 0.483 £ 0.048
383 170,3m ¢ - 0.073 £ 0.008 0.136 £ 0.025 0.111 £ 0.011
29A] 6,56m ¢ - 1.32 £ 0.14 1.71 £ 0.21 2.08 £ 0.22
Mg 20,915h ¢ - 0.251 £ 0.018 0.385 £ 0.031 0.531 £ 0.045
2"Mg 9,462m ¢ - 0.452 £ 0.068 1.08 £ 0.12 1.30 = 0.19
21Na 14,9590h ¢ - 1.61 + 0.13 2.54 £ 0.21 3.76 £ 0.32
22Na 2,6019y c - 1.12 + 0.11 - -
"Be 53,29d 1 - 4.50 £ 0.42 5.68 £ 0.58 7.40 = 0.80
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3.13 Experimental yields for "“Hg irradiated with 0.1, 0.2, 0.8, 2.6 GeV

protons.

Table 37 presents the parameters of "*Hg irradiations. Table 38 presents the yields of residual
nuclide products measured.

Table 37: Parameters of "Hg irradiation.

E, Sample Monitor Irradiation  Proton  Number of measured EXPDATA
(GeV) weight  weight  duration Flux v -spectra of index
(mg) (mg) (min) p/cm? sample/monitor
0.1 501.0 119.6 60 9.9 x 102 37 /9 hgo100
0.2 502.3 118.8 45 2.0 x 1013 48 / 8 hgo200
0.8 494.7 120.4 15 1.3 x 10 44 / 8 hgo800
1.6 5012  118.6 30 84 x 101 15 /8 hgo26g

Table 38: Experimental yields from "*Hg irradiated with 0.1, 0.2, 0.8, 2.6 GeV protons.

Product T/ Type Yields [mbarn| at

0.1 GeV 0.2 GeV 0.8 GeV 2.6 GeV
20271 12,23d i 4.73 £ 0.37 2.00 £0.14 0.811 £ 0.070 -
2017 72,012h  i(m+g) 137+ 1.1  5.93 £ 047 - -
200 26,1h i(m+g) 23.7 £ 2.3 9.53 £ 0.87 5.00 £ 0.48 2.79 £ 1.43
1997 7,42h i(m+g) 38.8 £ 5.4 14.9 £ 2.0 4.70 £ 0.97 -
198m ] 1,87h i(ml+m?2) 39.6 £ 5.5 17.2 £ 2.3 - -
197 2.84h  i(m+g) 112, £37. 359 &£ 117 - -
196m ) 1,41h i(m) 158. £+ 27. 39.2 £ 6.5 11.5 £ 2.0 8.29 + 1.45
1957 1,16h i(m+g) 100. £ 10. 229 £ 26 - -
194m ] 32,8m i(m) 98.9 £ 9.2 18.2 £ 1.7 - -
1947 32,8m i(m+g) 125. £ 16. 229 £ 2.3 6.30 £ 0.74 -
2B Hg 46,612d ¢ 9.63 £ 0.75 6.80 £ 0.48 8.99 + 0.62 9.22 £ 0.78
199mHg 42,6m i(m) 03.0 £6.1 26.9 £ 3.0 253 £ 21 232 £ 2.1
1mHg 23,8h i(m) 88.5 £ 8.7 484 £ 4.5 29.8 £ 2.7 26.2 &£ 2.7
YTHg 64,14h ¢ 194. £ 18. 96.8 £ 9.4 - -
195mHg 41,6h i(m) 759 £ 7.2 47.7 &£ 4.2 242 £ 24 17.8 £ 2.8
195 g 9,9h c 194. £ 25. 69.2 & 8.6 - -
193mHg 11,8h i(m) 06.3 £5.0 09.4 + 4.9 208+ 14 123 £ 1.0
192Hg 4,85h ¢ 107. £ 9. 83.4 + 6.8 26.8 £ 2.2 14.8 £ 1.5
190 g 20,0m c* 8.48 £ 1.96 61.9 £ 10.8 15.8 £ 2.0 -
200m Ay 18,7h i(m) 0.215 £ 0.036 0.343 £ 0.037 0.707 = 0.114 0.664 £ 0.096
199 Ay 3,139d c 6.83 + 0.56  11.8 + 0.9 19.4 4+ 1.4 -
198m Ay 2,27d i(m) 1.01 £ 0.09 1.64 £ 0.12 1.91 £ 0.19 1.41 £ 0.31
198 Au 2,69517d  i(m-+g) 7.80 =+ 0.61 13.2 £ 0.9 188 £ 1.3 162+ 14
9SAy  2.69517d i 701+ 059  11.7+ 0.8 17.1 4 1.2 14.8 4+ 1.4
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Table 38, continued.

Product T/ Type Yields [mbarn| at

0.1 GeV 0.2 GeV 0.8 GeV 2.6 GeV
196m Ay 9,7h i(m2) 2.71 £ 0.42 5.65 £ 0.82 - -
196 Ay 6,183d i(m1+m2+g) 9.58 +£ 0.75 187+ 1.4 205 £ 14 171+ 1.4
950y 186,098d ¢ 284. + 33. 141. + 15. - -
194 Ay 38,02h  i(ml+m2+g) 106409 269+ 2.0 24.9 + 2.0 20.8 + 2.1
192 Ay 4,94h i(m1+m2+g) 13.3 & 5.2 27.8 £ 6.5 24.6 &+ 4.3 17.6 £ 2.7
192 Ay 4,94h C 132. &+ 13. 118. £+ 14. 50.6 £ 8.1 34.8 £ 5.1
LAy 3,18h i(m+g) - 68.6 + 8.6 - -
91 Ay 3,18h ¢ 58.3 £ 9.6 100. + 8. 44.7 £ 35 -
190 Ay 42,8m c - 85.7 4+ 9.1 42.7 4+ 4.2 -
190 Ay 42,8m i - - 27.2 £ 3.7 -
189 Ay 28,7m c* - 3.32 + 0.69 - -
191py 2,802d C 48.7 + 4.4 942 £ 7.9 471+ 4.9 26.0 £ 3.0
189p¢ 10,87h C 9.22 4+ 0.96 85.9 + 7.6 53.8 + 4.3 29.0 + 3.5
188py, 10,2d C 3.14 £ 0.27 60.1 £ 4.4 54.1 £ 4.1 252 + 2.3
187pg 2,35h c — 372 + 4.3 35.8 £ 6.6 -
186 py, 2,08h C - 28.9 £ 2.2 42.9 + 3.2 176 £ 1.6
194, 171d i(m2) - - - 0.201 + 0.020
1927y 73,831d i(ml+g) - - 0.927 £ 0.071 0.749 + 0.061
1907y 11,78d i(ml+g) - 0.506 4+ 0.041 1.85 £ 0.14 1.27 £ 0.11
1897y 13,2d ¢ — — 583 + 7.7 27.6 &+ 3.6
1887y 41,5h C 3.55 £+ 0.37 64.3 £+ 6.0 62.5 £ 6.8 28.1 £ 3.7
1887y 41,5h i 0.217 £ 0.090  1.90 £ 0.43 6.92 + 0.99 3.02 £ 0.88
187y 10,5h C - 57.8 £ 5.9 - -
1867y 16,64h i - 13.8 £ 1.1 27.8 £ 2.1 13.6 £ 1.2
1857y 14,4h c* - 17.8 £ 1.3 444 + 3.1 200 £ 1.7
1841y 3,09h c* - - 49.2 £ 4.5 20.8 £ 1.8
185()g 93,6d c - 21.6 + 1.5 55.8 4 4.0 925.8 + 2.1
183m () 9,9h o - 5754072 311+ 21 13.5 + 1.3
18205 22,10h c - 6.34 &+ 0.60  58.6 + 4.2 928.3 + 2.3
181m (g 105m c - - 14.5 + 3.4 -
183Re 70,0d c - 9.72 4 0.73  59.1 + 4.1 925.9 4+ 2.3
182Re 12,7h C - 6.76 £+ 0.70 60.0 & 4.5 28.6 £ 2.8
181Re 19,9h c* - 3.76 + 0.51 579 + 7.7 19.8 + 3.4
9Re 19,5m o - - 59.2 £ 5.9 24.5 £ 6.2
178\ 21,6d c - - - 17.7 + 255
1w 135m c — — 46.9 £ 6.4 19.0 & 2.7
176y 8,09h c - - 43.5 & 4.0 19.9 + 2.4
75Ty 10,5h c - - 44.5 & 4.6 20.9 £ 2.6
14Ty, 1,14h C - — 419 + 44 22.1 £ 2.5
I5Hf 70d C - - 44.3 + 3.3 213 £ 1.9
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Table 38, continued.

Product Ty, Type Yields [mbarn| at

0.1 GeV 0.2 GeV 0.8 GeV 2.6 GeV
IBHf 23,6h c* — — 46.9 £+ 5.4 25.5 £ 2.3
12Hf 1,87y c —~ —~ 34.3 £ 24 19.1 + 1.6
170Hf 16,01h c —~ —~ 29.7 + 3.9 18.5 + 2.0
Ly 1,37y c —~ —~ 39.2 + 3.1 22.2 + 2.2
12 6,70d  i(ml+m2+g) — — 0.178 & 0.050 —
12 6,70d c —~ —~ 34.6 £ 2.4 192 £ 1.7
Ty 8,24d c* — — 35.7 £ 2.5 22.3 + 1.9
0Ly 2,012d ¢ —~ —~ 32.6 £ 2.3 20.5 + 1.8
169y 34,06h ¢ —~ —~ 27.5 + 1.9 17.6 + 1.6
19yh  32,026d c —~ —~ 32.4 £ 2.2 21.9 £ 1.9
166y 56,7h c —~ —~ 21.3 £ 1.5 20.0 £ 1.8
167Tm 9,25d c — — 27.3 £ 5.7 21.5 &+ 3.0
15Tm  30,06h ¢ —~ —~ 20.4 + 1.6 21.7 £ 2.2
163 m 1,810h ¢ —~ —~ 16.6 + 2.3 24.1 £ 2.5
161 m 33m c* —~ —~ —~ 17.0 &£ 3.1
160y 28,58h c —~ —~ 11.8 + 1.4 21.1 £ 2.6
160mHo  5,02h c —~ —~ 11.2 £ 1.7 21.6 £ 2.7
157Dy 8,14h ¢ —~ —~ 6.91 + 0.55 19.6 + 1.8
195Dy 9,9h c* —~ —~ 5.34 + 0.40 18.1 4+ 1.6
192Dy 2,38h c —~ —~ —~ 11.9 + 1.0
1%5Th 5,32d c —~ —~ 5.87 £ 0.58 18.4 +£ 1.9
153Th 2,34d c* —~ —~ 2.60 £ 0.25 145+ 1.4
152} 17,5h c* —~ —~ —~ 1214+ 1.1
15ITh 17,609h ¢ —~ —~ —~ 13.0 £ 1.2
150 3,48h ¢ —~ —~ —~ 7.89 + 1.30
M9Th 4,118h c —~ —~ —~ 5.13 £ 0.45
8T 60m c —~ —~ —~ 9.31 £ 0.74
13Gd 240,4d ¢ —~ —~ 2.85 + 0.55 15.5 4+ 1.9
11Gd 124d ¢ —~ —~ —~ 13.6 + 1.5
9Gd 9,28d c —~ —~ 2.09 + 0.23 176 £ 1.5
WIGd 38,06h c - - - 172+ 1.7
16Gd 48,27d c —~ —~ 1.29 + 0.12 16.0 & 1.4
WGd 23,0m c — — — 10.5 + 1.4
WEy 93,1d ¢ —~ —~ —~ 17.0 + 1.6
48 Ey 54,5d i —~ —~ —~ 0.725 + 0.062
WUy 24.1d c —~ —~ 1.83 £ 0.23 18.8 & 1.6
M6 Ey 4,61d c —~ —~ 1.68 + 0.23 184+ 1.5
M6 Ey 4,61d i —~ —~ 0.430 £ 0.219  2.59 £ 0.23
U5Ey 5,93d c —~ —~ —~ 13.2 4+ 1.2
139mNq 5,5h i(m) —~ —~ —~ 1.65 + 0.26
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Table 38, continued.

Product T/ Type Yields [mbarn| at

0.1 GeV 0.2 GeV 0.8 GeV 2.6 GeV
B6Nd  50,65m c - - - 9.34 + 1.09
139Ce 137,640d ¢ - - 0.557 £ 0.058 147+ 1.3
135Ce 17,7h ¢ - - - 12.9 + 1.3
130Ce 25m ¢ - - - 6.53 =+ 0.65
13214 4,8h ¢ - - - 8.73 £ 0.85
1313, 11,50d c - - - 10.9 4 0.9
129 32,06h ¢ - - - 12.1 + 1.2
127X e 36,4d ¢ - - - 9.61 = 0.79
123 ¢ 2,08h c - - - 10.4 + 1.2
L2lmTe 154d i(m) - - 0.287 £ 0.050 0.523 £ 0.052
121Te 19,16d ¢ - - - 8.01 = 0.80
mTe  470d  i(m) - - 0.321 & 0.044  1.38 & 0.12
19Te 16,05h ¢ - - - 5.23 £ 0.69
U Te 62m ¢ - - - 5.09 £ 0.51
120mgh  576d  i(m) - 0.191 =+ 0.018 - -
usmgl,  500h  i(m) - - - 1.07 £ 0.11
115G}, 32,1m c* - - - 5.53 «+ 0.49
1138n 115,09d ¢ - - - 4.33 £ 0.38
| 2,8047d ¢ - - 0.802 £ 0.081  4.66 £ 0.47
1097y, 4,2h c - - - 3.43 + 0.31
Hom A o 249,76d i(m) - 0.429 £ 0.042 0.587 £ 0.060 0.347 £ 0.033
106m A o 8,28d i(m) - - 0.876 £ 0.149 1.43 £ 0.14
105Ag 41,29d ¢ - - - 3.29 £ 0.27
100pq 3,63d ¢ - - - 0.818 £ 0.082
10ImRh 4,34d ¢ 0.093 £ 0.028 0.149 £ 0.017 - 2.92 £ 0.35
L0R} 20,8h  i(m+g) - - - 2.25 + 0.39
1ORK 20,8h ¢ - - - 3.10 £ 0.47
9mRh 4,7h c - - - 1.80 + 0.22
13Ru 39,26d ¢ 1.05 £ 0.09 1.55 £ 0.11 1.78 £ 0.13  0.967 £ 0.111
Ru 2.791d c - - - 2.01 + 0.25
%P e 4284 i(m+g) - - 0.947 £ 0.074  1.59 & 0.16
%Nb 23,35h 1 0.378 £ 0.064 0.954 £ 0.069 1.39 £ 0.12 -
%Nb 34,975d  i(m+g) 0.205 £ 0.067 0.978 £ 0.070 1.84 £ 0.13 1.02 £ 0.10
%BNh 34,975d c 1.35+£020 1934013 289 +019  1.53 + 0.13
7y 16,744h ¢ 0.411 £ 0.035 0.284 £ 0.020 - -
BZr 64,02d ¢ 1.15 £ 0.23  0.956 £ 0.075  1.03 £0.08 0.512 £+ 0.046
897r 78,41h ¢ - 0.173 £0.020 1.75 £ 0.12 3.27 £ 0.27
8871 83,4d ¢ - - 0.843 £ 0.062 2.31 £ 0.21
88y 106,65 i(m-+g) - - 246 £ 0.23  2.21 £ 0.19
8Y 106,65d ¢ - 0.461 £ 0.037  3.06 = 0.24 4.48 + 0.37
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Table 38, continued.

Product T/ Type Yields [mbarn| at
0.1 GeV 0.2 GeV 0.8 GeV 2.6 GeV

8TY 79.8h F - 0.154 £ 0.013 257 + 0.23  4.33 £ 0.35
8Sr 64,84d ¢ - - 2.41 £ 0.20 3.94 £ 0.38
83Sr 32,41h ¢ - - - 1.66 £+ 0.79
82Gy 25,55d ¢ - - - 0.945 & 0.101
%Rb 32,77d  i(m+g) - - - 2.08 £ 0.18
8Rb 86,2d ¢ - - 2.73 £ 028  4.19 & 0.42
82mRb 6,472h i(m) - - 1.51 £ 0.16 1.82 £ 0.17
82Br 35,30h  i(m+g) 0.329 + 0.034 0.664 £ 0.067 1.27 £ 0.10  0.720 £ 0.073
"Br 57,036h c - - 0.983 £ 0.176  2.50 £ 0.25
5Ge 119,779d ¢ - - 1.31 £ 0.11  2.69 + 0.23
™As 17,77d 1 - 0.195 £0.029 1.51 £ 0.16 1.97 £ 0.21
%57n 244,26d ¢ - - - 1.88 £ 0.17
MFe 44.472d ¢ - - 0.717 £ 0.063 1.23 £ 0.11
54Mn 312,11d 1 - - - 1.74 £ 0.14
52Mn 5,591d c - - - 0.276 £ 0.028
510y 27,7025d ¢ - - - 1.26 &+ 0.14
8y 15,9735d c - - - 0.419 + 0.034
8Sc 43,67h i - - 0.380 £ 0.042 0.843 £ 0.092
16S¢ 83,79d  i(m+g) — - — 1.82 + 0.16
HmSe 58,6h i(m) - - - 0.620 £ 0.068
28 Mg 20,915h ¢ = = = 1.18 + 0.11
21Na 14,9590h c - - 0.303 & 0.042  4.46 + 0.37
*2Na 2,6019y c - - - 0.677 £ 0.071
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3.14 Experimental yields for °°Fe irradiated with 2.6 GeV protons.

Table 39 presents the parameters of *°Fe irradiation. Table 40 presents the yields of residual
nuclide products measured.

Table 39: Parameters of *Fe irradiation.
E, Sample Monitor Irradiation  Proton  Number of measured EXPDATA

(GeV) weight  weight  duration Flux v -spectra of index
(mg) (mg) (min) p/cm? sample/monitor
2.6 200.0 120.2 30 3.0 x 103 44 /10 fe26g

Table 40: Experimental yields from *6Fe irradiated with 2.6 GeV protons.
Product T1/ Type  Yields [mbarn]

*Co 271,79d c 0.365 £+ 0.033
%Co 77,233d c 1.02 £ 0.09
%Co 17,53h c 0.274 + 0.025
BFe 8,51m c* 2.44 + 0.32
2Fe 8,275h c 0.232 £ 0.020
56 Mn 2,5789h c 0.861 + 0.072
54 Mn 312,11d i 32.8 + 2.7
52m\p 21,1m i(m) 5.50 £+ 0.49
52mMn 21,1m C 5.73 £ 0.51
52Mn 5,591d c 7.02 £+ 0.59
510 27,7025d c 27.9 + 2.4
HC0r 42.3m c 4.00 + 0.35
8Cr 21,56h c 0.506 + 0.043
8y 15,9735d c 134 £ 1.1
8Sc 43,67h i 0.428 + 0.039
47S¢ 3,3492d c 2.69 £+ 0.23
465 83,79d  i(m+g) 7.18 + 0.61
4mgG 58,6h i(m) 6.40 + 0.54
4Se 3,927h  i(m+g) 12.6 £ 1.1
45e 3,927h i 6.67 + 0.56
3Sc 3,891h c 411 £ 0.37
47Ca 4,536d c 0.067 £+ 0.017
BK 22.3h c 1.17 £ 0.10
2K 12,360h i 3.91 + 0.33
AT 109,34m c 0.703 £ 0.060
3901 55,6m c 0.521 £ 0.045
38CI1 37,24m  i(m+g) 1.72 £0.16
38Cl1 37,24m c 1.77 £ 0.16
34m(] 32,00m  i(m)  0.870 & 0.078
389 170,3m c 0.055 £ 0.008
A1 6,56m c 1.63 £ 0.30
BMg 20,915h c 0.387 £ 0.033
2"Mg 9,462m c 1.56 £+ 0.15
24Na 14,9590h c 3.70 £+ 0.32
2Na 2,6019y c 3.10 £+ 0.29
"Be 53,29d i 8.95 + 0.91
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3.15 Experimental yields for °*Ni irradiated with 2.6 GeV protons.

Table 41 presents the parameters of %®Ni irradiation. Table 42 presents the yields of residual

nuclide products measured. o o
Table 41: Parameters of *®Ni irradiation.

E, Sample Monitor Irradiation  Proton  Number of measured EXPDATA

(GeV) weight  weight  duration Flux ~-spectra of index
(mg) (mg) (min) p/cm? sample/monitor
2.6 339.8 120.8 30 6.8 x 103 40 / 10 nisb8-26g

Table 42: Experimental yields from °®Ni irradiated with 2.6 GeV protons.
Product T1/ Type  Yields [mbarn]

"Ni 35,60h c 30.7 £ 2.6
%6 Ni 5,9d i 2.56 £ 0.21
8Co 70,86d  i(m-+g)  6.21 + 0.52
Co 271,79d ¢ 82.1 £ 6.7
5Co 271,79d i 50.8 + 4.4
%Co 77,233d c 36.5 £ 3.0
%Co 77,233d i 33.5 £ 2.8
%Co 17,53h ¢ 11.1 £ 0.9
Fe 8,51m c* 4.12 £ 0.78
2Fe 8,275h ¢ 1.55 + 0.13
% Mn 312,11d i 9.90 &+ 0.82
S2m\Mn 21,1m i(m) 7.09 £ 0.62
52m\[n 21,1m ¢ 8.68 + 0.75
2Mn 5,591d ¢ 11.8 + 1.0
S1Cr 27,7025d ¢ 28.4 + 2.5
9Cr 42.3m ¢ 8.08 £ 0.74
BCr 21,56h c 1.65 + 0.14
By 15,9735d c 17.4 £ 1.4
83 43,67h i 0.076 & 0.017
7S¢ 3,3492d ¢ 0.794 £ 0.067
163c¢ 83,79d  i(m+g)  3.63 £ 0.30
Hmg. 58,6h i(m) 6.96 = 0.59
#Sc 3,927h  i(m+g) 139+ 1.1
4G 3,927h i 7.11 £ 0.59
3¢ 3,891h ¢ 6.21 + 0.55
BK 22.3h ¢ 0.411 & 0.034
2K 12,360h i 1.94 + 0.16
WK 7,636m i 0.957 & 0.125
HAr 109,34m ¢ 0.240 + 0.021
9C1 55,6m ¢ 0.183 £ 0.019
BCl 37,24m  i(m+g) 0.886 £ 0.078
3m ] 32,00m  i(m) 1.47 £+ 0.12
29A] 6,56m c 1.28 + 0.15
BMg 20,915h c 0.206 £ 0.018
2"Mg 9,462m c 0.710 £ 0.087
24Na 14,9590h c 2.92 + 0.28
22Na 2,6019y c 3.64 £ 0.32
"Be 53,29d i 12.4 + 1.3
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3.16 Experimental yields for **Nb irradiated with 2.6 GeV protons.

Table 43 presents the parameters of “*Nb irradiation. Table 44 presents the yields of residual
nuclide products measured.

Table 43: Parameters of “*Nb irradiation.
E,  Sample Monitor Irradiation  Proton  Number of measured EXPDATA

(GeV) weight  weight  duration Flux ~ -spectra of index
(mg) (mg) (min) p/cm? sample/monitor
2.6 9.0 119.5 40 1.1 x 10 39 /10 nb93-26g

Table 44: Experimental yields from %Nb irradiated with 2.6 GeV protons.
Product Ty Type  Yields [mbarn]|
%Mo 6,85h  i(m)  0.298 £ 0.044
OMo 5,56h C 0.584 + 0.069
92nNb  10,15d i(m)  19.1 £ 1.6

9Nb 14,60h ¢ 21.1 + 1.7
89mN 66m  i(m) 143+ 0.15
88N 145m  o* 2.36 + 0.35
897y 78,41h ¢ 39.4 + 3.3
887y 83,4d ¢ 27.8 & 2.2
877y 1,68h ¢ 13.8 £ 1.6
867y 16,5h ¢ 5.92 + 0.48
%0my 3,19h  i(m)  1.60 & 0.14
88y 106,65d i(m+g)  12.8 + 1.1
88y 106,65d ¢ 40.9 + 3.3
8Ty 13,37h  i(m) 16.5 + 1.8
8Tmy 13,37h ¢ 31.9 + 3.1
8Ty 79,8h ¢ 34.9 + 3.0
86my 48m  i(m) 10.9 + 1.0
86y 14,74h  i(m+tg)  17.6 + 1.4
86y 14,74h ¢ 23.3 £ 1.9
8omy 4,86h ¢ 9.91 & 1.02
85y 2,68h ¢ 411 + 0.42
81y 39,5m ¢ 7.04 + 0.59
853y 64,84d ¢ 30.8 + 2.9
83Gr 32,41h ¢ 18.8 + 3.9
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Table 44, continued.

Product
8281"
81Sr
84mRb
84Rb
83Rb
82mRb
81Rb
79Rb
85mKI‘
79K1"
77K1"
76Kr
77Br
76Br
76BI‘
74mB1"
75Se
73Se
72Se
74AS
72AS
72AS
71AS
70AS
69Ge
67Ge
67Ga
65Ga
69mZn
65Zn
62Zn
Glcu
GOCu
57Ni
GOCO
SSCO
57CO
SGCO
55CO
59]__7e

Ty Type

25,55d c
22.3m ¢

20,26m i(m)
i(m-+g)

32,77d
86,2d c

6,472h  i(m)
C*

4,576h
22,9m
4,480h
35,04h
74,4m
14,8h
57,036h
16,2h
16,2h c
46m
119,779d
7,15h
8,40d
17,77d
26,0h
26,0h
65,28h
52,6m
39,05h
18,9m
3,2612d
15,2m
13,76h
244,26d
9,26h
3,333h
23,7Tm
35,60h
95,2714y
70,86d
271,79d c
77,233d C
17,53h C
44,472d C

C
C
C
C
C
C

i(m+g)

—e
—~
~—

—
—~

OOOOOBOOOOOOF—“OF—“OOO
~—

Yields [mbarn|
123 £ 1.2
4.37 = 0.80
2.61 £ 0.24
3.86 £ 0.34
285 £ 2.6
10.3 £ 0.8
202 £ 1.8
6.67 £ 0.73

0.166 = 0.047
18.9 £ 1.7
7.60 £ 0.65
2.27 £ 0.20
170 £ 1.4
10.6 = 0.9
129 £ 1.1
2.89 £ 0.37
196 £ 1.6
7.99 £+ 0.68
3.62 £ 0.44
3.83 £ 0.37
149+ 14
11.3 £ 1.0
11.8 £ 1.0
4.75 £ 0.49
9.65 £ 1.22
1.91 £ 0.22
145 £ 1.2
2.32 £ 0.60

0.205 £ 0.031
144+ 1.3
1.44 £+ 0.23
5.19 = 0.99

0.832 £ 0.138

0.207 £ 0.026
9.24 =+ 0.99
8.97 £ 0.77
7.68 £ 0.66
2.46 £+ 0.26

0.318 £ 0.044

0.779 £ 0.088
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Table 44, continued.

Product
56Mn
52m Mn
52Mn
S1Cr
BCr
48v
48Gc
4TS¢
46Sc
44m SC
4Gc
4Gc
43K
42K
AT

T2
2,5789h
21,1m
5,591d
27,7025d
21,56h
15,9735d
43,67h
3,3492d
83,79d
58,6h
3,927h
3,927h
22.3h
12,360h
109,34m
55,6m
32,00m
20,915h
9,462m
14,9590h
53,29d

Type

i(m+g)
i(m)

i(m+g)

C

O = O O O O O

Yields [mbarn]
1.54 £ 0.14
0.547 £+ 0.090
2.62 £ 0.23
7.86 £ 0.77
0.084 £+ 0.010
3.44 + 0.28
0.388 £ 0.033
1.62 £ 0.14
2.91 £ 0.26
2.40 £ 0.21
3.18 £ 0.27
0.787 £ 0.130
0.760 £ 0.080
1.79 £ 0.17
0.505 £ 0.058
0.464 £+ 0.086
1.93 £+ 0.30
0.326 £ 0.037
0.634 £ 0.140
2.50 £ 0.21
100 £ 1.1
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3.17 Experimental yields for ?®*Pb irradiated with 1.0 GeV protons.

Table 45 presents the parameters of 2% Pb irradiation. Table 46 presents the yields of residual

nuclide products measured.

Table 45: Parameters of 2°8Pb irradiation.

E, Sample Monitor Irradiation Proton Number of measured EXPDATA
(GeV) weight  weight  duration Flux v -spectra of index
(mg) (mg) (min) p/cm? sample/monitor
1.0 1207  120.9 60 5.2 x 107 47 /10 pb081g

Table 46: Measured residual nuclide yields [mbarn| in B 2°Pb irradiated with 1.0 GeV protons
together with results obtained at GSI |36] in inverce kimematics experiments and at ZSR on "*Pb

[7].
| Product | Ty,[17],[18] | Type | Yield (this work) | Work [36] | Work [7] |
206 B4 6.243d i 4.60 £ 0.29 - 5.36 + 0.67
205Bj 15.31d i 6.20 £ 0.40 - 7.09 £+ 0.90
204Bi 11.22h i(ml+m2+g) 5.29 + 0.80 - 6.03 & 0.95
203Bi 11.76h i(m+g) 4.84 + 0.59 - -
204mpt, 67.2m i(m) 11.0 £ 1.0 - -
203pp 51.873h c 31.5 £ 2.1 28.7 + 3.1 -
201pp 9.33h c* 26.9 + 24 204+ 1.9 -
200pt, 21.5h c 182 + 1.2 182+ 2.0 | 27.8 + 3.5
198pp, 2.4h c 89+ 21 14.0 £ 1.3 -
197m py, 43m c* 17.9 4+ 4.0 - -
2027 12.23d c 18.8 + 1.2 40.0 £4.0 | 22.0 £ 2.7
201 72.912h c 43.7 £2.9 373+ 3.7 | 53.5£6.6
200 26.1h c 40.6 + 2.6 35.2 + 3.7 -
2007 26.1h i(m+g) 22.7 4+ 1.5 17.0 £ 1.7 | 223 £6.1
1997] 7.42h c 385+ 52 343 + 34 -
198mlm 1.87h i(ml+m2) 17.6 &+ 3.6 - -
1987 5.3h c 35.9 £ 5.0 - -
196mT] 1.41h i(m) 34.8 +£ 4.4 - -
203Hg 46.612d c 4.03 £ 0.27 - 3.66 £ 0.45
1rmHg 23.8h i(m) 10.7 £ 0.7 - -
195myg 41.6h i(m) 13.6 £ 2.0 - 13.3 £ 1.8
193mHg 11.8h i(m) 189 + 2.5 - 10.8 &+ 2.3
192Hg 4.85h c 35.2 £ 2.8 31.3 £ 3.4 -
198m Ay 2.27d i(m) 1.01 + 0.14 - 1.25 + 1.11
198 A 2.69517d i(m+g) 2.11 4+ 0.22 1.96 £+ 0.23 -
198 Au 2.69517d i 1.09 + 0.30 - -
196 Ay 6.183d i(ml+m2+g) 4.13 + 0.35 4.02 4 0.47 | 3.88 & 0.47
195 Au 186.09d c 48.7 £5.5 28.44+ 3.3 | 51.1 £6.6
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Table 46 cont’d.

‘ Product ‘ Ty ‘ Type ‘ Yield (this work) ‘ Work [36] ‘ Work [7] ‘
99 Au | 38.02h |i(ml+m2+g) 7.06 £ 0.75 6.33 £ 0.75 | 6.85 + 0.92
192 Ay 4.94h c 46.9 + 6.6 39.9 + 4.6 -
92Au | 4.94h | i(ml+m2+g) 11.6 + 1.7 9.2 + 1.1 -
191pg 2.9d c 40.1 + 4.4 444 + 5.5 379 £ 4.8
189p¢ 10.87h c 46.8 + 4.8 404 + 5.0 -
188p¢ 10.2d c 40.5 + 2.9 38.4 + 4.7 428 + 54
186 py, 2.0h c* 345 + 24 329 + 4.1 -
1907y 11.78d i(ml+g) 0.69 & 0.06 - —
1887y 41.5h c 43.2 + 3.2 409 + 5.4 -
1887y 41.5h i 2.93 + 0.69 2.48 + 0.33 -
1867 16.64h i 20.8 £ 1.9 - 22.5 + 3.1
1857y 14.4h c* 34.8 +£ 2.3 394 + 5.2 394+79
1847y 3.09h c* 39.5 £+ 3.0 36.9 + 4.8 -
8505 93.6d c 41.8 +£ 2.8 381+ 5.3 43.0 +£ 5.3

183m (g 9.9h c 232+ 1.5 - -
18205 22.10h c 42.0 £ 2.8 342 + 48 -
183Re 70.0d c 41.7 £ 2.9 36.3 + 5.3 382 + 4.8
182mRe | 12.7h c 452 + 3.7 - -
181Re 19.9h c 43.1 £ 5.9 37.0 £ 54 45.9 + 5.9
I9Re 19.5m c* 48.2 + 4.2 44.7 + 6.6 -
177w 2.25h c 30.1 £ 3.5 23.4 + 3.6 -
176y 2.5h c 28.0 + 3.9 29.0 + 4.5 -
176y 8.09h c 35.0 + 3.6 28.8 + 4.7 -
13 3.14h c 31.0 £ 3.9 26.3 + 4.3 -
1727y | 36.8m c* 17.3 +£ 2.3 274+ 45 -
L5t 70d c 313 £ 2.3 28.3 £ 4.8 34.1 £ 4.1
1739 23.6h c 28.4 + 2.6 25.2 + 4.3 39.0 £ 4.9
172 f 1.87y c 241 £ 1.6 24.6 £+ 4.2 24.4 £+ 3.1
111yt 12.1h c 18.2 £ 2.8 229 + 3.9 -
0t | 16.01h c 22.1 +£6.8 20.3 £ 3.5 21.2 £+ 3.0
1214 6.70d c 23.9 + 1.7 24.7 + 4.4 -
17214 6.70d | i(ml+m2+g) 0.19 + 0.05 0.183 £ 0.037 -
M1y 8.24d c 26.1 £ 1.8 16.6 £ 3.0 31.3+£39
101y | 2.012d c 21.7 £ 29 209 + 3.7 -
1697w | 34.06h c 18.6 £ 1.2 12.1 £ 2.2 26.4 + 3.7
169yh | 32.026d c 209 £ 1.5 18.1 + 3.4 24.3 £+ 3.0
166y 56.7h c 16.1 + 1.1 13.7 £ 2.6 164 + 2.3
167 9.25d c 19.4 + 4.0 14.0 + 2.7 21.2 + 2.6
165Tm | 30.06h c 144 + 1.4 13.3 £ 2.6 -
160Fy 28.58h c 8.8 + 0.6 72415 -
157Dy 8.14h c 5.73 £ 0.45 5.0+ 1.1 -
155Dy 9.9h c* 3.66 + 0.27 2.86 + 0.63 -
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Table 46 cont’d.

| Product [ Ty, | Type | Yield (this work) | Work [36] | Work [7] |
155Th 5.32d c 4.16 £ 0.39 2.72 £ 0.62 | 5.52 £ 0.70
153} 2.34d c* 2.52 + 0.25 2.40 £ 0.54 | 2.51 4 0.40
1527 17.5h c* 2.10 + 0.17 - -
153Gd 241.6d c 2.60 + 0.23 2.18 +£ 0.51 | 3.10 + 0.38
M9Gd 9.28d c 2.24 + 0.18 - 3.06 + 0.38
146Gq 48.27d c 1.26 + 0.09 1.23+£0.29 | 1.68 + 0.21
Mgy 24d c 0.98 £+ 0.31 1.18 £ 0.29 | 1.97 &+ 0.29
H6Ey 4.59d c 1.63 £ 0.11 1.17 + 0.28 -
146y 4.59d i 0.37 £ 0.05 0.181 + 0.047 -
13pm 265d c 1.02 £+ 0.13 0.85 £ 0.22 | 1.00 £0.13
B39Ce | 137.640d c 0.83 + 0.06 0.45+0.13 | 0.82 £0.10
12lmpe 154d i(m) 0.44 4 0.04 - 0.53 & 0.07
121 16.78d c 1.11 £ 0.11 - 0.79 £+ 0.10
Hompe | 4.70d i(m) 0.40 £ 0.04 - —
120mgp, 5.76d i(m) 0.54 £ 0.05 —~ 0.53 £ 0.07
Hampy 1 49.51d | i(ml1+m2) 0.95 & 0.19 - 1.07 £ 0.16
Hom A g | 249.79d i(m) 1.12 4 0.09 - 1.32 + 0.17
106mAg | 8.28d i(m) 0.89 4 0.08 - 0.92 & 0.14
105Ag 41.29d c 0.65 & 0.12 0.74 £ 0.17 | 1.04 £ 0.14
105Rh 35.36h c 4.63 + 0.54 3.13 + 0.51 -
10lmRh | 4.34d c 1.29 + 0.16 - -
103Ry 39.26d c 3.84 + 0.26 3.03+£0.50 |4.11 £0.53
9T 4.28d i(m+g) 1.20 £ 0.09 - 1.49 £+ 0.19
PBTe 20.0h c 1.38 £ 0.13 - -
96Nb 23.35h i 2.31 £+ 0.19 2.13 £ 0.34 -
9 Nb 34.975d c 5.41 + 0.34 - -
9%Nb | 34.975d | i(m+g) 3.03 £+ 0.20 - 3.58 4 0.56
9BZr 64.02d c 2.34 +0.15 1.58 + 0.28 | 2.32 £ 0.29
897y 78.41h c 2.30 + 0.16 - 2.82 + 0.35
887r 83.4d c 0.76 + 0.08 097 £0.15 |1.19 £0.15
Womy 3.19h i(m) 4.82 + 0.39 - —
88y 106.65d c 4.03 £ 0.27 3.72 £ 0.58 -
88y 106.65d | i(m+g) 3.41 £+ 0.25 2.76 £ 0.44 | 3.74 + 0.46
8Ty 79.8h c* 2.94 + 0.23 - 3.36 + 0.42
85Gy 64.84d c 2.76 + 0.22 - 3.42 £+ 0.41
8Rb | 18.631d | i(m+g) 5.48 £ 0.66 2.43 + 0.38 | 4.39 £ 0.61
83Rb 86.2d c 3.46 + 0.28 282+ 045 |3.96 £ 0.49
82mRb | 6.472h i(m) 2.73 4+ 0.30 - -
82Br 35.30h i(m+g) 2.17 £ 0.14 1.55 + 0.24 | 2.62 & 0.50
Se | 119.770d c 1.34 £+ 0.09 1.18 £ 0.19 | 1.61 & 0.20
T As 17.77d i 1.86 + 0.18 1.66 + 0.27 | 2.24 4+ 0.28
Fe 44.503d c 0.91 + 0.08 0.69 £0.11 | 1.05 £ 0.14
6571 244.26d c 0.79 £+ 0.19 0.42 4+ 0.07 | 0.66 &+ 0.17
46g¢ 83.810d | i(m+g) 0.35 £ 0.06 - 0.37 £+ 0.05
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3.18 Comparison of the reported results with the results obtained elesewhere

As shown by analyzing the EXFOR database, the data obtained elsewhere, which could have
been compared with the reported results, are actually absent because the isotopic compositions of
the irradiated samples are discordant and the interaction energies are not identical. Nevertheless,
Tables 47, 46, and 49 present the comparison results for three experiments, which are alike as
regards the above parameters (see Table 50), for this seems to be essential for confirming the
reliability of the results obtained,

The criteria for comparison between the experimental data sets obtained at ITEP and
elsewhere were chosen to be the "coincidence criteria” described in detail in Subsections 4.1: (1)
Statistics of the respective ratios and (2) their mean squared deviation factor <F> (considering
that 0.4, was replaced by o, elsewhere). In this case, therefore, criterion (2) is interpreted to
be the mean deviation of a dataset obtained at a laboratory from an identical dataset obtained at
another laboratory.

It should be noted that the extent, to which the compared results prove to coincide when
analyzing their statistical distributions (see Figs. 22 and 23), is determined by the deviation of
the center of mass of the respective histogram from unity (in case the values obtained at diffrent
laboratories are the same).

It should be borne in mind, however, that the physical and methodological features of the
intercompared experiments preclude their treatment as equivalued parts in the comparison. In
this sense, the analysis of the comparison results is expedient to begin with Table 47, which
presents the results of the inter-laboratory comparison between the results obtained at ITEP (102
yields) and JAERI (45 yields measured with a VHTRC detector and 25 yields measured with
a FNS detector; the two detectors have measured 50 nuclides) for the reaction product yields
in the ITEP 1.2 GeV proton-irradiated %3Cu and ®Cu samples. Fig. 22 shows the comparison
histogram. The disagreement in results is readily seen to be due only to the methodological features
of the respective ~y-spectrometric measurements, so the relevant histograms must be expected to
approach a symmetry with respect to unity.

The validity of this conclusion is supported by the nuclear data of Table 48, which are used to
calculate the ®-%3Cu(p,x) reaction product yields. The respective monitor reaction cross sections
are presented in Table 12. The comparison results displayed in Fig. 22 are quite accordant with
the expectation (the mean <F> value is 1.08).

A somewhat larger deviation of the comparison histogram centers from unity should be
expected when comparing between the results obtained at ITEP and ZSR (Zentrum fuer Strahlenschuts
und Radiooekologie der Universitaet Hannover); see Tables 46 and 49. Despite the fact that the
results of the two groups have been obtained by the same experimental technique (direct gamma-
spectrometry), the disagreement in the data may have arisen from the differences in the isotopic
composition (the upper left-hand panel in Fig. 23), in the projectile proton energies (the upper
right-hand panel in Fig. 23), in the selected monitor reactions, in the nuclear data used, etc. As
should be expected, the mean squared deviation factor <F> = 1.23 in the case of ITEP-ZSR
comparison is markedly higher than in the case of ITEP-JAERI comparison.

Unlike this report and ZSR, the GSR group (see Table 46) make use of quite a different
methodological approach to determining the reaction product yields, namely, they use the inverse
kinematics and physical detection of outgoing products. At the same time, the fact is worth
emphasizing that the composition and energy (scaled per a nucleon in the case of a heavy-ion
beam) were actually identical in the ITEP and GSI experiments.

So, any possible difference in the compared results can well be claimed to result solely from
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Table 47: The experimental yields of metastable and ground states of *%°Cu(p,x) reaction

products at E, = 1.2 GeV measured at ITEGP and JAERI.

5Cu 63Cu

Prod Ti)s Type ITEP JAERI ITEP JAERI

GC-2518 VHTRC FNS GC-2518 VHTRC FNS
657n 244.26d i 1.73 £ 0.13 - - - - -
6371 38.47Tm i 1.32 £ 0.25 - - 1.33 £ 0.21 - -
627n 9.26h i 0.219 &+ 0.020  0.33 +0.08 - 0.481 &+ 0.053 0.45 £ 0.14 -
64Cu 12.700h i 614+ 4.7 - - - - -
51Cu 3.333h c 5.42 £ 0.62 - - 14.9 + 1.7 - -
50Cu 23.7m c* 1.08 &+ 0.08 - - 3.46 £ 0.25 - -
65Ni 2.51719h c 0.390 £ 0.040 - - - - -
57Nji 35.60h c 0.392 £ 0.035 0.38 £0.05 - 1.18 £ 0.10  1.20 + 0.13 -
56Ni 5.9d i 0.356 & 0.080 - - 0.086 % 0.012 - -
2mCo  13.91m i(m) 1.63 + 0.11 - - - - -
51Co 1.650h c 6.52 £ 0.86 - - 5.29 + 1.92 - -
50Co 5.2714y  i(m+g) 16.8 £ 1.2 - 170 £ 1.9  9.27 £ 0.68 - 9.5+ 1.1
58mCo 9.15h i(m) 19.9 + 2.2 - - 20.0 + 2.9 - -
58Co 70.916d  i(m+g) 254 + 1.8 25.8 £2.8 254+ 2.8 31.0 £ 2.2 31.1 £27 303+ 34
58Co 70.916d i 5.47 + 1.70 - - 11.0 + 2.6 - -
57Co 271.79d c 18.6 + 1.3 181 4+20 187+ 21 295+ 2.1 28.3+32 293+ 3.3
57Co 271.79d i 18.5 + 1.3 - - 27.1+ 2.0 - -
56Co 77.27d c 5.08 £+ 0.35 52+ 0.6 52+ 0.6 9.68 + 0.67 100+ 1.2 100+ 1.1
55Co 17.53h c 0.739 £ 0.050 0.87 £ 0.11 - 1.73+£0.13  1.83 +0.23 -
59Fe 44.503d c 4.19 + 0.33 45+ 0.5 43+05 0931+£0070 0.87+£0.13 1.0%0.1
53Fe 8.51m c* 1.30 £ 0.42 - - 2.19 £+ 0.37 - -
52Fe 8.275h c 0.098 £+ 0.016 0.12 £ 0.02 - 0.264 £ 0.021 0.23 £ 0.05 -
56 Mn 2.5785h c 6.04 &+ 0.43 - - 2.56 + 0.18 - -
54Mn 312.12d i 22.5 + 1.6 226 £2.5 224+25 217+ 1.5 21.7+ 25 209+ 2.4
52Mn 5.591d c 6.69 + 0.47 7.2+ 0.8 6.6 £ 0.8 9.91 £+ 0.70 103+ 1.2 98+1.2
52mMn  21.1m c 2.20 £ 0.17 - - 3.54 + 0.28 - -
2mMn - 21.1m i(m) 2.06 £ 0.16 — — 3.26 £+ 0.26 - -
51Cr 27.704d c 235+ 1.8 255+ 28 241+ 2.7 28.8 + 2.2 313+ 36 289+ 3.2
OCr 42.3m c 2.40 £+ 0.20 - - 4.08 + 0.34 - -
48Cr 21.56h c 0.260 &+ 0.019 0.30 £ 0.04 - 0.558 + 0.041 0.62 £ 0.07 -
8y 15.9735d c 11.0 £ 0.8 113+ 1.3 108+ 1.2 152+ 1.1 154+18 147417
483c 43.67h i 1.21 £0.09 1.3240.19 - 0.581 + 0.041 0.60 £ 0.18 -
47Sc 80.381h c 4.99 £+ 0.36 5.7+ 0.6 - 331+024 3.70+0.15 -
473¢ 80.381h i 4.81 + 0.35 - - 3.18 +0.23 - -
46G¢ 83.810d  i(m+g)  9.77 &+ 0.68 10.0 £ 1.1 98 +1.1 8.29 £+ 0.58 84+ 1.0 8.1+0.9
mge 58.6h i(m) 5.91 + 0.43 6.5 + 0.7 — 7.49 + 0.58 81+ 1.0 -
Sc 3.927h  i(m+g) 10.4 £ 0.7 - - 13.5 £ 1.0 - -
448 3.927h i 4.80 £+ 0.35 - - 6.34 + 0.46 - -
433c 3.891h c 3.10 + 0.76 - - 4.72 + 0.87 - -
47Ca 4.536d c 0.182 + 0.014 0.15 £ 0.02 - 0.071 + 0.009 0.11 + 0.04 -
43K 22.3h c 1.98 + 0.14  2.16 + 0.25 - 1.28 £ 0.09 1.39 + 0.15 -
2K 12.360h i 4.82 + 0.35 4.6 + 0.5 - 4.09 + 0.30 4.0£0.5 -
Ay 109.34m c 1.08 £+ 0.07 - - 0.708 + 0.053 - -
3901 55.6m c 0.679 £ 0.050 - - 0.442 + 0.034 - -
38C1 37.24m c 1.99 £+ 0.15 - - 1.50 + 0.12 - -
38C1 37.24m  i(m+g) 1.90 + 0.14 - - - - -
34m ] 32.00m i(m)  0.329 & 0.030 - - 0.585 + 0.050 - -
38g 170.3m c 0.073 + 0.008 - - - - -
29A1 6.56m c 1.32 £ 0.14 - - 1.13 £ 0.14 - -
Mg 20.91h c 0.251 + 0.018 0.26 £ 0.05 - 0.195 £ 0.014 0.18 £ 0.05 -
Mg 9.462m c 0.452 + 0.068 - - 0.503 + 0.074 - -
24Ny, 14.9590h c 1.61 £0.13 1.98 +0.23 - 1.73+0.12 1.68 + 0.19 -
22Na 2.6019y c 1.12 £ 0.11 - 0.98 + 0.14 1.39 £ 0.20 - 1.34 + 0.24
"Be 53.29d i 4.50 + 0.42 5.0 + 0.6 45+ 0.6 5.47 + 0.51 53+ 0.7 5.7+ 0.7
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Table 48: Nuclear data used to calculate the %%°Cu(p,x) reaction products at E,=1.2 GeV.

Nucleus | Half-life. | B, (x9B) | 02" (%) | A" (%) | p 2250 (%) | And 2P (%)
657Zn 243.9d 1115.5 50.6 24 50.6 0.24
627n 9.26h 5948.35 15.3 1.5

596.56 26.0 2.0 26.0 2.0
1Cu 12.700h | 1345.77 0.473 0.010
61Cu 3.408h 282.96 12.2 2.3
656.01 10.8 2.0
1185.23 3.7 0.7
0Cu 24.39m 826.4 21.7 1.1
1332.5 88.0 1.0
1791.6 454 2.4
5"Ni 35.65h 127.1 16.7 0.5
1377.6 81.7 2.4 81.7 2.36
1919.43 12.3 0.4
62mCo 13.91m 1163.5 69.6 0.8
1172.9 100.0 0.0
%0Co 5.270y 1173.23 99.9736 0.0007 99.90 0.02
1332.5 99.9956 0.0004
%Co 70.916d 810.77 99.448 0.008 99.45 0.01
®mCo 9.11h - - -
>7Co 271.80d 122.06 85.60 1.70 85.6 0.17
136.47 10.68 0.08
%Co 77.12d 846.76 100.00 0.03 99.94 0.03
1037.84 14.13 0.05
1238.29 66.07 0.19
1771.35 15.48 0.05
2598.46 16.96 0.06
%Co 17.53h 477.20 20.20 1.70 20.18 1.79
931.10 75.00 4.00 75.00 4.0
1408.5 16.90 0.80
MFe 44.496d 192.36 3.08 0.12
1099.25 26.50 1.90 26.95 1.84
1291.6 43.2 14
»Fe 8.51 m 377.9 42 3
2Fe 8.275h 168.68 99.00 3.00 99.20 0.03
%Mn 2.5785h 846.75 98.9 0.3
1810.7 27.2 0.8
2113.0 14.3 0.4
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Table 48 cont’d.

Nucleus | Half-life. | B, (x3B) | n2T27 (%) | ApfTEY (%) | 2FFT (%) | AnAERT (%)
>Mn 312.12d 834.8 99.976 0.010 99.98 0.03
>2Mn 5.591d 744.2 90.0 0.9 89.05 0.39
935.5 94.5 1.0
1333.61 5.07 0.06
1434.1 100.0 0.6
2mMn | 21.12m 1434.1 98.3 2
SLCr 27.704d 320.08 10.08 0.23 9.86 0.05
9Cr 42.3m 90.63 53.2 1.9
152.93 30.3 1.1
BCr 21.56h 112.31 96.0 2.1
308.24 100.0 2.0 100.0 2.0
BV | 15.974d | 944.13 7.76 0.1
983.52 100.0 0.3 99.98 0.28
1312.1 97.5 0.9
2240.4 241 0.04
8Sc 43.7h 175.36 7.48 0.1 7.48 0.10
983.52 100.1 0.6 100.10 0.58
1037.5 97.6 0.7
1312.1 100.1 0.7
7S¢ 3.345d 159.38 68.3 0.4 67.9 1.5
16S¢ 83.810d 889.28 99.984 0.010 99.98 0.00
1120.5 99.987 0.010
mgSe 2.442d 271.24 86.7 0.3 86.75 0.30
1157.0 1.20 0.07
#Sc 3.927h 1157.0 99.9 0.0
3Sc 3.891h 372.81 22.5 0.7
47Ca 4.537d 1297.09 71.0 7.0 74.1 9.0
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Table 49: Experimental yields (in mbarn) of the metastable and ground states of "*Pb(p,x)
reaction products obtained at ITEP at E, — 1.5 GeV and at ZSR (Hannover) at E, — 1.6 GeV.

ITEP ZSR (Hannover)

Product Ty Type Yield (mbarn) | Type | Yield (mbarn)
207 Bi 31.55y 1 4.09 £ 0.58
206 Bi 6.243d 1 3.54 £ 0.30 1 5.16 =+ 0.61
205 Bj 15.31d 1 6.07 = 0.59 1 7.18 £ 0.84
204 Bi 11.22h 1 2.00 £ 0.55
204m pr, 67.2m ¢ 132 £ 1.1
204m Ph | 67.2m i(m) 12.4 £ 1.1

203 pPp 51.873h ¢ 36.0 £ 3.1 ¢ 39.0 =+ 4.3
203 Ph 51.873h 1 35.5 £ 3.4
202m pr, 3.53h ¢ 124+ 14

201 ph 9.33h ¢ 27.0£ 29

200 ph 21.5h ¢ 201 £ 1.9 ¢ 19.2 £ 2.1
199 pp 90m c* 32.8 £ 6.1
197m p 43m c* 14.8 £ 3.3

202 ] 12.23d ¢ 185 £ 1.6 19.7 £ 2.0
| 72.912h c* 473 £ 4.1 46.2 £ 5.9
2001 26.1h ¢ 40.7 £ 4.3

200 ] 26.1h 1 21.2 £ 2.5

1997 7.42h c* 404 £ 4.9

198 7] 5.3h ¢ 29.8 £ 6.5

W4m T | 33.0m i(m) 10.1 + 1.2

203 Hg 46.612d c 3.72 £ 0.36
197m Hg 23.8h i(m) 9.39 £ 0.91 8.32 £ 0.91
195m Hg 41.6h i(m) 14.4 £ 2.3 16.6 £ 1.8
19m He | 11.8h i(m) 19.8 & 3.4

192 Hg 4.85h ¢ 304 £ 29

199 Au 3.139d ¢ 6.02 = 0.82
198 Au | 2.69517d i(m+g) 1.65 £+ 0.76

196 Ay 6.183d | i(ml4+m2+g) | 3.47 £ 0.30 1 3.20 £ 0.35
195 Au | 186.098d ¢ 28.2 £ 9.8 ¢ 42.8 = 4.8
194 Ay | 38.02h | i(ml+m2+g) | 6.09 + 0.73

192° Au 4.94h ¢ 43.2 £ 6.4

192 Ay | 4.94h | i(ml+m2+g) | 9.63 + 1.56

191 pt 2.802d ¢ 33.9 £ 3.7

188 Pt 10.2d ¢ 322+ 29 ¢ 18.5 £ 2.1
192 Ip 73.827d 1 0.142 £ 0.032
186 Tr 16.64h 1 16.9 £ 1.5

185 Tr 14.4h ¢ 25.0 £ 4.5

184 Tp 3.09h c* 33.6 £ 3.3

185 Os 93.6d ¢ 33.6 = 3.2 ¢ 29.0 £ 3.3
183m Qg 9.9h c* 18.7 £ 1.7

%2 0s | 22.10h c 37.6 + 3.7
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Table 49, cont’d.

ITEP ZSR (Hannover)

Product Ty Type | Yield (mbarn) | Type | Yield (mbarn)
183 Re 70.0d ¢ 34.5 £ 3.1

182 Re 12.7h ¢ 41.0 £ 4.1

181 Re 19.9h ¢ 329 £ 49

1 Re 19.5m c* 41.3 + 4.2

176 Tq 8.09h ¢ 341 £ 4.1

175 Ta, 10.5h ¢ 35.8 £ 4.2

17 Ta, 1.14h ¢ 245+ 3.2

173 Ta, 3.14h ¢ 33.6 £ 4.7

172 Ta 36.8m c* 15.3 £ 2.1

181 Hf 42.39d 1 0.192 £ 0.058
175 Hf 70d ¢ 31.9 £ 29 ¢ 28.5 £ 3.0
173 Hf 23.6h ¢ 39.4 + 3.6

172 Hf 1.87y ¢ 279 + 2.8 ¢ 235 £ 2.5
170 Hf 16.01h ¢ 40.0 £ 9.0

1B Ly | 1.37y c 34.3 + 3.8 c 43.5 + 4.7
1 Lu 8.24d ¢ 33.8 £ 3.0 ¢ 30.7 £ 3.2
170 Lu 2.012d c* 38.8 £ 4.3 ¢ 39.8 + 4.4
169 TLu 34.06h ¢ 26.0 £ 2.8

169 Yb 32.026d ¢ 29.0 £ 2.9 ¢ 28.0 £ 3.9
166 Yb 56.7h ¢ 273 £ 24 ¢ 223 £ 34
168 Tm 93.1d 1 0.304 = 0.077
167 Tm 9.25d ¢ 30.2 £ 6.3 ¢ 282 £ 3.1
160 Er 28.58h ¢ 26.0 = 4.3 ¢ 23.3 £ 2.5
157 Dy 8.14h ¢ 211 £ 2.0

155 Dy 9.9h ¢ 169 £ 1.6

155 Th 5.32d ¢ 16.4 £ 2.0 174 £ 2.1
153 Th 2.34d c* 13.7 £ 1.5 11.8 £ 1.3
151 Th 17.609h ¢ 10,6 = 1.4

150 Th 3.48h ¢ 4.89 £ 0.85

153 Gd 241.4d ¢ 11.8 £ 1.2 ¢ 11.8 £ 1.3
149 Gd 9.28d ¢ 11.7+ 1.1

M7 Gd | 38.06h c 9.13 £ 1.02

146 Gd 48.27d ¢ 9.07 =+ 0.89 ¢ 10.1 £ 1.0
152 By | 13.537y i 17.3 + 3.2
T Eu 24.1d ¢ 12.7 £ 2.5 ¢ 108 £ 1.4
146 Eu 4.61d ¢ 10.5 £ 1.0

146 By 4.61d i 1.47 £ 0.19

15 Eu 5.93d ¢ 7.31 £ 0.76 ¢ 6.50 = 0.90
14 pm 363d i 1.01 £ 0.16
143 Pm 265d ¢ 8.26 £ 0.97 ¢ 6.77 £ 0.76
139 Ce | 137.640d ¢ 5.20 £ 0.48 ¢ 5.28 £ 0.55
133 Ba 3848.9d ¢ 3.49 £+ 0.44
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Table 49, cont’d.

ITEP ZSR (Hannover)

Product T1/ Type | Yield (mbarn) | Type | Yield (mbarn)
127 Xe 36.4d ¢ 237 £0.23
123m Te 119.7d ¢ 0.233 £ 0.035
12lm Te 154d ¢ 0.489 £ 0.071
121 Te 19.16d ¢ 1.82 £ 0.22 ¢ 1.86 £ 0.21
119m Te 4.70d i(m) 0.616 £ 0.094 ¢ 0.544 £ 0.094
124 Sh 60.20d 1 0.331 £ 0.057
120m G, 5.76d 1 0.430 £ 0.075
113 °Sn 115.09d ¢ 1.18 £ 0.15

Ham 1p 49.51d i 1.01 £ 0.24
| 2.8047d ¢ 1.69 £+ 0.16
1om Ag | 249.79d 1 0.899 £+ 0.119
106m Ao 8.28d i 1.02 £ 0.16
192 Rh 207d i 1.49 £ 0.21
102m Rh 2.9y i 1.03 £ 0.16
101 Rh 3.3y ¢ 0.534 £ 0.085
10m Rh 4.34d ¢ 214 £ 0.24 ¢ 3.28 £ 0.40
193 Ru 39.26d ¢ 3.67 £ 0.34 ¢ 2.92 £ 0.32
% Tc 4.28d i(m+g) 1.54 £ 0.16 i 1.61 £ 0.22
95m T¢ 61d ¢ 2.74 £ 043
9 Mo 65.94h ¢ 2.77 £ 0.36

% Nb 23.35h i 7.34 £ 1.13
% Nb 34.975d ¢ 4.98 £ 0.48

% Nb 34.975d 1 2.72 £ 0.30

9% Zr 64.02d ¢ 2.26 £ 0.43 1.58 £ 0.18
8 Zr 78.41h ¢ 3.08 £ 0.27 2.64 £ 0.29
8 Zr 83.4d ¢ 1.44 £ 0.17

9my | 310h | i(m) | 3.24 & 0.35

8y 106.65d ¢ 2.99 £ 0.95

8Ty 79.8h ¢ 4.27 £ 0.36

8 Sr 64.84d 4.41 £ 0.50 ¢ 3.77 £ 0.40
8 Rb 32.77d 1 0.71 £ 0.71
8 Rb 86.2d ¢ 0.21 £ 0.95 ¢ 5.12 + 0.69
2m Rh | 6.472h | i(m) | 2.00 £ 0.27

82 Br 35.30h | i(m+g) 1.89 £ 0.23 1 1.99 £ 0.31
S Se 119.779d ¢ 1.67 £ 0.20 ¢ 2.14 £ 0.26
™ As 17.77d 1 2.58 £ 0.30 i 2.29 £ 0.25
65 Zn 244.26d ¢ 1.14 + 0.13
€ Co 0.2714y ¢ 1.18 £ 0.23
% Co 70.86d i 2.84 + 0.31
% Fe 44.503d ¢ 1.19 £ 0.15
> Mn 312.11d i 1.29 £ 0.21 i 0.860 £ 0.116
6 Sc 83.810d 1 0.834 £ 0.103
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Table 50: Results of comparing among the experimental data obtained at ITEP, ZSR, and GSI.

Comparison | Composition Energy <F>
set of irradiated  (GeV)
samples, %
%Cu (98.7) 1.2 1.14 (VHTRC)
ITEP 1.04 (FNS)
JAERL [®Cu (99.6) 1.2 1.12 (VHIRC)
1.03 (FNS)
Averaged <F> (ITEP-JAERI) 1.08
ITEP natpt, 1.5 1.22
ZSR natph 1.6
ITEP | 2°Pb (97.2) 1.0 1.24
ZSR natph 1.0
ITEP | 2°Pb (97.2) 1.0 1.32
GSI 208P}, (100) 1.0 A
GSI 5P, (100) 1.0 A 1.46
ZSR natph 1.0

the methodological features of experimental design and from the selected nuclear data. The <F>
value proved to be 1.32 (the bottom left-hand panel in Fig. 23). It may be tentatively concluded,
therefore, that the methodological side of the measurements affects the consistency of the results
to a greater extent in the given case, compared with the physical differences in the experimental
designs (composition of samples, interaction energy).

At the same time, a possible effect of the above mentioned physical differences on the
comparison results cannot be disregarded. This is corroborated, in particular, by a high <F>
value (1.46) in the case of the ZSR-GSI comparison (the bottom right-hand panel in Fig. 23).

We are of the opinion that all the above is a ponderous argument for usage of isotopically pure
samples to be irradiated in the reported type experiments, for they permit a correct comparison
among the results obtained by different experimental techniques. At the same time, the accord of
all the data analyzed here is, generally, quite satisfactory, the fact that may indicate a sufficiently
high degree of reliability of the reported experimental data.

Table 46 compares between the results of ITEP (direct kinematics, p — 23Pb) and GSI
(Inverse kinematics, 233Pb — {H). In the given experiments, the energy of the extracted protons
that irradiated the 2°®Pb target, as well as the energy of each of the 2%Pb ion beam nucleons that
irradiated the liquid hydrogen target, corresponded to 1 GeV.

Besides, Table 46 presents the reaction product yields obtained at ZSR in "*Pb interactions
with 1 GeV protons. Since the ZSR data are the independent yields only, they were summarized
with respect to the respective isobaric chains.

Fig. 23 shows the comparison histograms.
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Fig. 22: Statistics of the ratios of the ITEP ®3Cu and ®Cu results to the JAERI results.
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the GSI 2%Pb results at E, = 1.0 GeV to the ZSR ?*®Pb results at E, = 1.0 GeV.
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4 SIMULATION OF EXPERIMENTAL RESULTS BY THE
CODES

4.1 The methods for comparing between experimental and simulated
data

Contrary to the simulated data, the experimental results include not only independent, but
also (and mainly) cumulative and supra cumulative, residual product nuclei yields. To get a
correct comparison between the experimental and simulation data, the cumulative yields must be
calculated on the basis of the simulated independent yields. If the production chain of n radioactive
nuclei is presented as

g1 09 vee Oy,

{ { {
v v Uy

1 2 o2 2 Iy

(where vy, ..., 14, 1 are the branching ratios of the respective nuclides), the simulated cumulative
and supra-cumulative yields of the n-th nuclide can be calculated as

n—1 n—1
oy ot 3 (¢ ) )
i=1 j=i

An—l
)\n—l - )\n

ind
cum”™ __ :ln + Vp_1 X

n—2 n—2
o + Z (af"d H Vj)] : (91)
i=1 j=i

The branching ratios of the decay chains were taken from [18], considering that the branched
(due to isomeric transitions and a-decay) isobaric chains can always be presented to be a superposition
of linear chains.

To get a correct comparison for the results obtained by different codes, the calculated yields
values were renormalized to the same cross sections for inelastic proton-nucleus interactions. We
calculated the cross sections via the semi-empirical formula [37] :

Oiner = 45A°7f(A)g(E), (in mb) (92)
f(A) = 1+0.016sin(5.3 —2.63log A),
g(E) = 1-0.62exp(—E/200)sin(10.9E7%%%),

where A is the mass number of the target, E is the energy (in MeV) of the projectile proton.

The calculated proton-nucleus inelastic cross sections of the targets are presented in Table
51.

The quantitative comparison between experimental and simulated yields is made by assessing
the following two parameters (coincidence criteria):

— the number of "coincidences"taken to be the simulation-experiment difference not exceeding
30% (N1.3: 0.77< Ocqici/Oeapi <1.3) or factor 2 (Naog: 0.5< Ocaie/Texp <2.0). The 30% level
meets the accuracy requirements [38] of the cross sections for nuclide production to be used
in designing the ADS plants. The simulation accuracy can be presented to be the ratio of
the number of a such "coincidences"to the number of the comparison events.

— the mean-squared deviation factor between the simulated and experimental yields [6], [33]:
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2
<F>= mV < log (0cati/ Oeapa)” > (93)

with its standard deviation
S(< F >) = < (log (Ceari/ Teapi) — log(< F >))? >, (94)

where <> designates averaging over all the experimental and simulated results used in the
comparisons (i =1, ..., Ng).

The mean-squared ratio < F' >, together with its standard deviation S(< F' >), defines the
interval |[< F' > /S(< F >), < F > xS(< F >)| that covers about 2/3 of the simulation-to-
experiment ratios. A logarithmic, rather than a linear, scale is preferable when determining

the factor < F' >, because the simulation-experiment differences may be as high as a few
orders of magnitude.

Table 51: Inelastic proton-nucleus interaction cross sections [mbarn| calculated by formulae |37].

Target Proton Energy (GeV)
0.1 0.2 0.8 1.0 1.2 1.6 2.6
182w 1462 | 1683 1702
183W 1467 | 1690 1709
184w 1473 | 1696 1715
186\ 1484 | 1709 1728
22Th | 1924 | 1726 | 1989 2008 | 2011
natyy 1 1958 | 1757 | 2024 2044 | 2047
P¥Te | 1075 | 964 | 1110 1122 | 1123
»Co 677 789 | 789 | 789
%Cu 708 824 | 825 | 825
%Cu 724 842 | 843 | 843
nalHg | 1741 | 1562 | 1799 1820
MFe 761
N1 780
9Nb 1076
natyy 1714
208pp 1858

4.2 The codes used to simulate the experimental results

The following 14 codes were used for simulation:

— the CEM95 cascade-exciton model code [39),

— the latest version of the improved cascade-exciton model [52] code, CEM2k, [53],
— the CASCADE cascade-evaporation-fission transport code [40],

— the INUCL cascade-preequilibrium-evaporation-fission code [41],

— the LAHET (both ISABEL and Bertini options) cascade-preequilibrium-evaporation-fission
transport, code [43],
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— HETC cascade-evaporation transport code [42],

— the YIELDX semi-phenomenological code [44],

— the CASCADE/INPE cascade-evaporation-preequilibrium-fission-transport code [45].
— the CASCADO-IPPE cascade-evaporation-preequilibrium-fission-transport code.

— the GNASH code based on the Hauser-Feshbach and preequilibrium approach [46],
— the ALICE code with HMS precompound approach [47|,

— the Quantum Molecular Dynamics (QMD) code [48],

— the NUCLEUS cascade — evaporation — fission code [49],

— the ALICE-IPPE code [55],

The detailed description of the codes may be found in [39]-[49], and a brief description in
our earlier works [5], [6].

The default options were used in all the simulation codes without modifying the latter to get
the optimal agreement with experimental data. All the calculations were made prio to obtaining
any experimental results, except the results from CEM2k. With such an approach, our comparisons
demonstrate the real predictive, rather than the descriptive power of the codes.

Since most of the simulation codes (except for GNASH) cannot simulate the metastable
states of product nuclei, the respective nuclide chains used to calculate the cumulative yields of
the product nuclei were simplified. It should be emphasized also, that the HETC and CEM95
codes were not used in comparisons with the experimental data for "®U and ?32Th as fission is
the dominant mode of their reactions (CEM95 does not include description of fission reactions, it
calculates only fission cross section but does not privide fission fragment yields).

4.3 Comparison of experiment with simulations

All the product nuclide yields simulated by the above codes are presented in Tables 65 — 113,
together with the experimental values of the respective yields.

The results of quantitative comparison in two parameters described in section 4.1 are presented
in Tables 52 — 61 which give quantitative information concerning the agreement of the simulated
yields with experimental data for each of the simulation codes, namely:

— the total number of measured yields, Ng;

— of them, the number of the measured yields selected to be compared with calculations, N¢.
For instance, in the case of 1 GeV proton-irradiated 2®Pb, some nuclides were discarded
from the comparison in the following caSES:

1. The measured products are in metastable or just ground state, namely, 204mPb, 197" P,
198m1T| 196mT] 197m ]y 195m g 198mfg 198m Ay 1989 Ay 1869 18m()g 182mRe 121mTg
? ? ? ? ? 7 ? 7 7 7 ?

Hnge, 120me7 114m1n7 110mAAg7 106mAAg7 101’/nR‘h7 QOmY'7 and 82mRb;

2. Transfer of a metastable state to a product occurs outside the given decay chain,
namely, ¥8T1, 0Ly, 152Th, M9Gd, 12 Te, %Tc, % Tc, Nb, %Nb, 8Zr, #Br, 87Y, and
8Sr;
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3. A strong correlation occurs between a yield and the cumulative yield into which the
former decays, namely, 8Pt — 18]Iy, 5[y — 185Qg 13Ta —3 Hg, ™Hf —
172LU_, 10Hf — 170Lu7 1697 4 — 169Yb, 155Dy — 155Tb, 183 TH — 153Gd, and 46Gd
— 16Eu. The cumulative yields of the precursors in all the above chains are almost
equal to the cumulative yields of the daughters. This is why the daughter yields alone
were used in our comparisons, to prevent double counting. Also, in the case of a strong
correlation between the cumulative and independent yields of a product (¥Y), only the
independent yield was used in the comparison.

— of them, the number of the product nuclei whose yields were simulated by a particular code,
Ni;

— the number of comparison events when the simulated results differ from the experimental
data by not more than 30%, Ny 3, and the number of comparison events when the calculations
differ from data by not more than factor 2.0, Ny o;

— the mean squared deviation of the simulated results from experimental data, < F' >, and
its standard deviation, S(< F' >).

Moreover, the product yields simulated by the codes are displayed in three types of figures
that visualize the simulation-to-experiment comparison:

— Figures 25, 34, 42, 50, 28, 36, 44, 52, 31, 39, 47, 55, 58, 91, 94, 96, 99, 102, 105, 108, 111, 114,
117, 120, 123, 126, 129, 132, 135, 138, 141, 144, 147, 150, 153, 156, 159, and 162, which show
the results of a detailed comparison between the simulated and experimental independent
and cumulative products;

— Figures 26, 28, 36, 44, 52, 32, 40, 48, 56, 59, 92, 97, 100, 103, 106, 109, 112, 115, 118, 121,
124, 127, 130, 133, 136, 139, 142, 145, 148, 151, 154, 157, 160, and 163, which show the
statistics of the simulated-to-experimental data ratios;

— Figures 27, 35, 43, 51, 30, 38, 46, 54, 33, 41, 49, 57, 60, 93, 95, 98, 101, 104, 107, 110, 113, 116,
119, 122, 125, 128, 131, 134, 137, 140, 143, 146, 149, 152, 155, 158, 161, and 164, which show
the simulated mass distributions of the products together with the measured cumulative
and supra cumulative yields of the nuclides that are in immediate proximity to the stable
isotope of a given mass (the sum of such yields from either side in the cases where both left-
and right-hand branches of the chain are present). Obviously, the simulation results do not
contradict the experimental data if the calculated values run above the experimental data
and follow the general trend of the latter. This is because the direct y-spectrometry identifies
only the radioactive products, which generally form a significant fraction of the total mass
yield, but are never equal to the total mass yield when a stable isobar is produced.
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Table 52: Quantitative parameters of the simulation-experiment comparison for W.

Code N1.3/ NQ.U/NS < F > S(< F >)
182w, E,—200MeV, Ny—32, Ng—22
CEM95 11/16 /21 2.13 1.86
LAHET 15 /17 / 21 1.88 1.80
CASCADE 9 /16 /21 2.60 2.34
HETC 7/12 /19 2.18 1.82
INUCL 6 /15 /21 2.78 2.42
YIELDX 8 /15 /21 2.04 1.68
182w, E,=800MeV, Ng=70, Nu=>50
CEM95 24 /31 /35 1.55 1.50
LAHET 23 / 35 / 42 1.81 1.64
CASCADE 20 /31 /41 2.03 1.81
HETC 15 /25 /33 2.69 2.42
INUCL 12 /22 /39 2.15 1.65
YIELDX 15 /29 / 42 1.79 1.42
182W, E,—1600MeV, Np—109, Ng—65
CEM95 28 / 44 / 49 1.91 1.83
LAHET 17 / 51 / 63 2.20 1.82
CASCADE 33 /48 /59 1.91 1.72
HETC 20 / 38 / 49 2.76 2.50
INUCL 16 / 35 / 55 2.89 2.28
YIELDX 17 /33 / 62 2.66 1.89
183W, E,=200MeV, Ng=35, N;=24
CEM95 12 /18 /23 2.27 2.00
LAHET 14 /20 / 23 1.81 1.71
CASCADE 10 /17 /23 2.49 2.09
HETC 7/13 /21 3.12 2.56
INUCL 7/14 /23 2.74 2.15
YIELDX 11 /16 /23 1.84 1.48
18W, E,—800MeV, Ny —76, Ng—47
CEM95 23 / 32 / 38 1.65 1.51
LAHET 17 / 36 / 45 2.52 2.25
CASCADE 18 /30 / 43 2.32 1.95
HETC 12 /26 / 34 2.42 2.03
INUCL 11 /20 / 42 2.61 1.86
YIELDX 12 /29 /45 2.03 1.51
183W, E,=1600MeV, Ng=111, N;=68
CEM95 28 / 46 / 52 1.58 1.39
LAHET 11 /49 /65 2.25 1.76
CASCADE 24 /49 / 63 2.09 1.79
HETC 19 / 38 / 52 3.20 2.79
INUCL 18 /35 /59 2.90 2.26
YIELDX 21 /33 /67  2.62 1.88

122



Table 52, cont’d.

Code N1_3/ NQ_O/NS <F> S(< F >)
184w, E,=200MeV, Ngy=36, N;=24
CEM95 12 /16 / 24 2.65 2.25
LAHET 15 /19 / 24 1.95 1.80
CASCADE 6 /17 /24 2.82 2.26
HETC 7/11 /21 3.14 2.39
INUCL 8 /16 /24 3.16 2.58
YIELDX 11 /18 / 24 1.97 1.68
Biw, E,—800MeV, Ny =77, Ng—49
CEM95 24 /32 /40 1.76 1.61
LAHET 21 / 37 / 48 1.71 1.42
CASCADE 22 /35 / 46 2.05 1.76
HETC 15/26 /37 281 2.48
INUCL 12 /23 / 44 2.53 1.81
YIELDX 14 / 35 / 48 1.83 1.40
184w, E,=1600MeV, Ng=114, N;=69
CEM95 30 / 47 / 55 1.81 1.65
LAHET 16 /52 /67  2.08 1.67
CASCADE 28 /50 / 64 1.93 1.65
HETC 22 /40 / 54 3.01 2.69
INUCL 18 /36 / 58 2.50 2.01
YIELDX 14 / 37 / 68 2.61 1.82
186W, E,—200MeV, Ny —36, Ng—24
CEM95 11 /15 /23 2.75 2.44
LAHET 19 /22 /24 1.60 1.56
CASCADE 7 /17 /24 2.54 2.13
HETC 7 /12 /20 3.08 2.47
INUCL 7/ 14 /24 2.85 2.33
YIELDX 8 /13 /24 2.69 1.93
186w, E,=800MeV, Np=62, No=41
CEM95 24 /32 /39 2.00 1.88
LAHET 21 /36 / 39 1.38 1.23
CASCADE 25 /34 /39 1.74 1.60
HETC 17 / 30 / 38 2.91 2.62
INUCL 10 /20 / 39 2.10 1.48
YIELDX 7/25/39 1.98 1.43
186w, E,—1600MeV, Np—119, Ng—T71
CEM95 25 /49 / 55 1.61 1.39
LAHET 15 /52 / 68 2.17 1.69
CASCADE 34 /53 / 66 1.93 1.67
HETC 19 / 42 / 54 2.96 2.60
INUCL 19 / 37 / 60 2.52 1.93
YIELDX 13 /33 /71 2.86 1.93
nat\y | E,=2600MeV, Np=129, N;=75
LAHET 10 /50 / 71 2.53 1.92
CEM95 28 / 53 / 63 2.40 2.23
CEM2k 18 / 51 / 65 2.13 1.68
CASCADE 38 /56 /73 2.29 2.12
INUCL 27 / 46 | 64 3.05 2.63
YIELDX 24 / 46 / 75 2.04 1.56
HETC 28 / 43 / 60 2.84 2.50
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Table 53: Quantitative parameters of the simulation-experiment comparison for Th.

Code N1.3/ NQ.(]/NS < F > S(< F >)
E,—100MeV, N;—87, Ng—44
LAHET 15/31 /4 18l 146
INUCL 8 /16 /43 4.91 2,71
CASCADO-IPPE 14 / 28 / 44 2.98 2.35
ALICE-IPPE 1/2/4 2.40 1.70
CASCADE 3 / 10 / 44 8.11 3.43
E,—200MeV, Ny—128, Ng—68
LAHET 52 /47 /67 2.16 1.75
INUCL 5/22/63 9.59 2.88
ALICE-IPPE 0/6/12 357 217
CASCADE 5/ 15 /66 8.25 3.48
E,—800MeV, N;—130, Ng=70
LAHET 18 /49 / 69 2.00 1.59
INUCL 12 / 23 / 61 4.40 2.66
CASCADO-IPPE 14 / 45 / 68 2.73 2.13
CASCADE 5/30/67  4.98 3.13
E,,leOOMeV, Ng=214, Ng=124
LAHET 33 /71 /122 2.18 1.61
INUCL 12 / 34 / 96 6.74 4.11
CASCADE 92 /54 /112 487  3.30
E,=1600MeV, Ng=212, Nq=124
LAHET 35 /80 /122 2.08 1.60
INUCL 17 / 47/ 108 7.60 441
CASCADE 26 /58 / 114 3.17 2.22
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Table 54: Quantitative parameters of the simulation-experiment comparison for U.

Code N1.3/ NQ.(]/NS < F > S(< F >)
E,—100MeV, Ny—108, Ng—58
LAHET 20 / 46 / 57 2.23 1.95
INUCL 5/15 /53 9.67 2.86
CASCADO-IPPE 20 / 35 / 53 2.79 2.31
ALICE-IPPE 0/3/6 2.01 1.25
CASCADE 5 / 14 / 51 10.26 5.10
E,—200MeV, Ny—123, Ng—65
LAHET 21 /55 /64 1.70 1.40
INUCL 8/22/61 9.09 2,77
CASCADE 9/25/63 5.81 3.36
E,—S00MeV, Np—195, Ng—116
LAHET 29 / 84 / 113 1.87 1.44
INUCL 10/31/91 9.60 3.16
CASCADE 17 /39 / 96 4.26 2.63
CASCADO-IPPE 21 / 64 / 112 2.72 1.94
Ep:1200MeV, Ngp=226, Ng=131
LAHET 28 / 71 / 128 2.09 1.49
INUCL 14 /39 /94 5.10 3.06
CASCADE 19 / 43 / 113 4.19 2.58
E,—1600MeV, Ny—231, Ng—134
LAHET 29 / 80 / 131 2.07 1.51
INUCL 13 / 44 / 100 0.74 3.47
CASCADE 22 / 53 / 121 4.18 2.61

125



Table 55: Quantitative parameters of the simulation-experiment comparison for Tc.

Code N1_3/ NQ_O/NS <F> S(< F >)
E,=100MeV, Ngp=18, Ng=5
CEM95 2/2/5 9.23 5.92
LAHET 2/3/5 2.14 1.56
INUCL 2/3/5 4.32 3.02
YIELDX 1/4/5 1.95 1.62
CASCADE 1/2/5 4.59 2.79
HETC 1/1/3 4.08 2.46
E,=200MeV, Ng=39, Ng=12
CEM95 3/5/12 4.20 2.72
LAHET 3/12 /12 1.59 1.24
INUCL 1/4/12 4.29 2.22
YIELDX 3/7/12 2.15 1.60
CASCADE 2/4/12 3.29 2.01
ALICE(Fermi) 2/6 /12 2.31 1.60
ALICE(Kataria) 2/3)/12 2.77 1.66
HETC 0/4/9 3.21 1.86
GNASH 3/3/7 2.74 1.89
E,=800MeV, Np=72, Ng=37
CEM95 17 /25 /34 2.23 1.89
LAHET 10 /24 /34 2.62 2.16
INUCL 3/12/ 34 3.64 2.09
YIELDX 15 /30 / 36 1.95 1.70
CASCADE 8 /20 / 34 2.87 2.15
HETC 7/ 18 /30 4.57 3.56
E,=1200MeV, Ng=67, Ng=31
CEM95 12 /20 / 30 2.68 2.20
LAHET 11 /22 /30 2.35 2.02
INUCL 2/11/29 3.54 2.13
YIELDX 2/14 /31 2.45 1.55
CASCADE 6 /14 /30 3.35 2.30
HETC 9 /16 /26 3.53 2.83
E,=1600MeV, Np=78, Ng=41
CEM95 16 / 27 / 38 2.20 1.88
LAHET 17 /30 / 38 1.80 1.54
INUCL 6 /14 /35 4.12 2.78
YIELDX 9 /24 /40 2.34 1.71
CASCADE 11 /22 / 38 3.15 2.35
HETC 11 /19 /31 4.30 3.40
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Table 56: Quantitative parameters of the simulation-experiment comparison for *?Co.

Code N1_3/ NQ_O/NS <F> S(< F >)
EPZQOOMQV, Ng=29, Ng=19
CEM95 6 / 10 / 15 2.22 1.75
LAHET 4 /11 /15 2.02 1.59
CASCADE 2 / 8 / 19 2.94 1.81
HETC 2/5/10 3.00 2.14
INUCL 6 / 14 / 19 2.28 1.82
YIELDX  7/13/19 181 1.44
E,=1200MeV, Ng=41, Ng=29
CEMO95 9 /16 /26 2.30 1.79
LAHET 11 / 21 / 26 1.85 1.51
CASCADE 5/11 /)27 3.09 2.02
HETC 6/8/14 462  3.70
INUCL 5/22/27 1.93 1.46
YIELDX 18 /27 / 28 1.56 1.44
NUCLEUS 6 / 15 / 28 2.21 1.52
QMD 1/13/17 2.41 1.70
E,—1600MeV, Ny—41, Ng—29
CEM95 6 / 14 / 26 2.54 1.84
LAHET 9/19 /26 1.95 1.51
CASCADE 7/ 16 / 27 2.20 1.57
HETC 5/8/15 514  3.90
INUCL 6/20/27  1.95 1.50
YIELDX 17 /27/28 1.5 1.47
E,=2600MeV, Ng=41, Ng=29
CEM95 5/14 /26 2.73 1.91
LAHET 8 / 20 / 27 2.11 1.61
CASCADE 7/14 )27 2.04 1.52
HETC 3/7/15 533 3.82
INUCL 7/ 18 / 27 2.03 1.51
YIELDX 19 /26 / 28 1.53 1.45

127



. . . 65
Table 57: Quantitative parameters of the simulation-experiment comparison for Cu and ®Cu.

Code N1.3/ Nglo/NS < F > S(< F >)
%3Cu E,—200MeV, Np—29, N;—20
CEM95 5/12 /19 2.61 1.98
LAHET (Isabel) 8 /12 /20 2.25 1.73
LAHET (Bertini) 8 /13 /20 1.89 1.58
CASCADE 3/8/20 3.75 2.30
HETC 3/5/13 5.47 3.14
INUCL 6 /11 /20 2.22 1.65
YIELDX 3/14 /20 2.27 1.65
%5Cu E,—200MeV, Np—29, N;—20
CEM95 7/13 /18 2.04 1.63
LAHET 8 /14 /20 2.04 1.66
CASCADE 3/10/19 3.28 2.19
HETC 1/4/15 5.22 2.30
INUCL 3/12/20 2.34 1.72
YIELDX 7 /14 /20 1.89 1.47
03Cu E,=1200MeV, Np=47, N;=36
CEM95 8/21/34 2.47 1.88
LAHET 10 / 27 / 34 1.79 1.41
CASCADE 4/13 /35 3.98 2.46
HETC 5/12 /20 4.23 3.00
INUCL 10 /22 / 34 2.11 1.62
YIELDX 14 / 28 / 36 1.69 1.39
QMD 7 /17 /32 3.11 2.16
%Cu E,=1200MeV, Np=54, No=40
CEM95 10 / 18 / 35 2.83 1.97
LAHET 10 / 25 / 36 2.02 1.52
CASCADE 5 /11 /36 3.44 2.06
HETC 3/7/21 3.15 2.05
INUCL 13 /22 /37 2.03 1.57
YIELDX 13 /30 /38 1.71 1.37
QMD 7/16 /32 3.18 2.13
%3Cu E,=1600MeV, Np=42, No=31
CEM95 10 /20 /29 2.26 1.71
LAHET 12 /22/29 1.70 1.39
CASCADE 6 /17 /30 2.40 1.75
HETC 3/7/16 3.13 2.18
INUCL 5 /19 /30 2.17 1.57
YIELDX 14 /30 / 31 1.44 1.21
%Cu E,—1600MeV, Ny—47, Ng—34
CEM95 9 /16 /31 2.62 1.82
LAHET 8/22/31 2.03 1.55
CASCADE 6 /16 / 32 2.31 1.62
HETC 3/7/18 3.16 2.10
INUCL 10 /22 / 32 1.97 1.55
YIELDX 10 / 30 / 34 1.58 1.27
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Table 57, cont’d.

Code N1_3/ NQ_O/NS <F> S(< F >)
03Cu E,=2600MeV, Np=42, Ng=31
CEM95 8 /16 /28 2.36 1.79
LAHET 7 /21 /29 1.97 1.52
CASCADE 8 /20 /30 2.16 1.63
HETC 4/7/16 3.20 2.20
INUCL 7 /17 /30 2.13 1.55
YIELDX 16 /31 / 31 1.31 1.17
%Cu E,—2600MeV, Np—48, Ng—35
CEM95 9 /15 /31 2.92 2.02
LAHET 7 /18 /33 2.21 1.61
CASCADE 10 /18 / 32 2.07 1.59
HETC 3/7/19 3.34 2.07
INUCL 7/20 /32 2.00 1.51
YIELDX 19 /33 / 34 1.45 1.29
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Table 58: Quantitative parameters of the simulation-experiment comparison for "*Hg

Code N1.3/ NQ.U/NS < F > S(< F >)
E,—2600MeV, Ny—141, Ng—82
LAHET 7715 /24 235 1.88
CEMY5 8/14/23 2.4 1.67
CEM2k 6 / 18 / 22 1.69 1.35
INUCL 8/15 /25 2.74 2.07
CASCADE 11 / 16 / 25 2.47 2.03
HETC 4/7/18 375 2.58
E,=800MeV, Ng=103, Ng=64
LAHET 16 /29 / 38 1.80 1.54
CEM95 11 / 26 / 33 2.16 1.86
CEM2k 18 /27 / 33 1.61 1.43
INUCL 12 / 22 / 38 2.29 1.74
CASCADE 11 /28 / 38 2.34 1.91
YIELDX  15/32/39 175 1.43
HETC 6/19/29  3.74 2.98
E,—200MeV, Ny—65, No—39
LAHET 31749 /63 1.98 173
CEM95 30 /41 /47 2.19 2.17
CEM2k 22 /44 /49 1.66 1.45
INUCL 23 /35 /59 2.56 1.97
CASCADE 29 /47 / 60 2.11 1.86
YIELDX 23 /47/64  2.10 1.73
HETC 14 /34 /42 233 2.06
E,—100MeV, Ng—44, Ng—27
LAHET 16 /58 /79 1.98 147
CEM95 31 /52 /61 1.93 1.77
CEM2k 21 / 52 / 66 2.48 2.10
INUCL 25 /55 /77 2.46 2.00
CASCADE 39 /65 /78  1.68 1.45
YIELDX 18 / 50 / 81 2.44 1.76
HETC 23 / 44 / 57 2.53 2.29

Table 59: Quantitative parameters of the simulation-experiment comparison for *°Fe: N;—36,
Ng=27

Code N1.3/ NQ.U/NS < F > S(< F >)
CEM95 2 /10 /22 2.65 1.70
LAHET 8 / 16 / 24 2.12 1.64
CASCADE  6/14 /23  2.13 1.56
HETC 2 / 6 / 13 5.12 3.32
INUCL 9/15 /23 1.96 1.62
YIELDX 9 / 20 / 25 1.62 1.31
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Table 60: Quantitative parameters of the simulation-experiment comparison for **Ni: Ny=38,

Ng=28

Code N1.3/ NQ.(]/NS < F > S(< F >)
CEMY5 7/13/26 346 273
LAHET 9/18/26  1.89 1.53
CASCADE 4/ 19 / 26 2.02 1.47
HETC 4/8/15 3.41 2.51
INUCL 9 / 18 / 26 2.34 1.84
YIELDX 22 /25 /27 1.40 1.32

Table 61: Quantitative parameters of the simulation-experiment comparison for “*Nb: N;—85,
Ng=57

Code N1.3/ NQ.(]/NS < F > S(< F >)
CEM95 8 / 28 / 52 2.56 1.82
LAHET 17 /41 /55  1.95 1.56
CASCADE 14 /35 / 56 2.69 1.97
HETC 12 /25 /39 2.73 2.24
INUCL 12 /31 /56  2.59 1.77
YIELDX 22 /42 / 57 1.91 1.56

Table 62: Statistics of comparison between experimental and simulated yields in 1.0 GeV proton-
irradiated 2%Pb

Ny — 114, Ng — 70

Code Ny3/ <F> SKF>)

Ng.0/Ng

LAHET (Bertini) | 30 / 51/ 70 | 2.03 1.69
LAHET(Isabel) |36 /55 /70 | 1.90 1.70
CEM95 27 / 43 / 51 2.06 1.91
CEM2k 30 /51 /55 1.61 1.43
CASCADE 26 / 51 / 66 209 1.79
CASCADE-INPE | 27 / 51 / 64 1.84 1.56
INUCL 21 / 35/ 67 285 2.10
YIELDX 23 /44 /70 2.78 2.22
HETC 17 /35 / 50 3.76  3.30
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Table 63: Statistics of the simulation-to-experiment comparisons of the yields of the all presented
reaction products.

2Co0,5%Cu, E,—0.2GeV
PTe, E, <0.2GeV

9C0,5% Cu, PFe, Ni, ®Nb, E, >1.2GeV
9Tc, B, >0.8GeV

Code Ng=144 Ng=T76 Ng=T779 Ng=515
Nis/Nao/Ns  (F) SUF)) Nis/Noo/Ns  (F) S((F))
CEM95 23/42/69 3.04  2.39 136/273/468  2.57 1.94
LAHET 26/52/72 2.03 1.60 154/346/478  2.03 1.62
INUCL 18/45/76 2.72 2.00 112/283/479  2.47 1.84
HETC 7/19/50 4.37  2.51 81/162/308  3.81 2.85
CASCADE 11/32/75 3.40 2.15 107/260/483  2.71 1.96
YIELDX 21/52/76 2.02 1.55 219/417/504 1.75 1.50
NUCLEUS - - - 6/15/28'  2.21 1.52
QMD - - 15/46/812 2.9 2.06
GNASH 3/3/7 274 1.89 - - -
ALICE(Kat) 2/3/128 277 1.66 - - -
ALICE (Fer) 2/6/12° 231 1.60 - - -
182,3,4,6W’natHg, Ep SO.QGGV 182,3,4,6,natW’natHg, 208Pb, Ep 208G6V
22T mat ) B, <0.2GeV 22T met ), B, >0.8GeV
Code Ny—694 Neo—395 Ny—2433  Ne—1441
Nis/Nao/Ns  (F) SUF)) Nis/Noo/Ns  (F) S((F))
CEM95 65/105/147* 2.34  2.01 321/503/585° 1.90 1.77
LAHET 164/305/386 1.95 1.69  399/945/1334 2.04 1.62
INUCL 75/171/375  4.19 2.73 293/619/1213 4.05 2.92
HETC 39/74/1284 3.20 2.52 221/422/5605 2.88 2.95
CASCADE 78/176/379  5.46 3.93 451/828/1322 3.05 2.42
YIELDX 54/94/131°  2.03 1.65 201/443/732°  2.37 1.78
CASCADO!FPE 34/63/977 2.88 2.33 35/109/180%  2.73 2.01
ALICE-IPPE 1/8/16° 327  2.10 - - -
CEM2k 24/45/5510 1.64 1.40 91/198/23511 2.02 1.74
CASCADE!NPE - - 27/51/642  1.84 1.56

U"Here Np—41 and Ng—29.

2 Here Np—152 and Ng—105.
3 Here Np=39 and Ng=12,

4 Here Ny=248 and N;=160.
5 Here Np=1225 and Ng=T742.
6 Here Np—204 and Ng—133.
" Here Nip—195 and Ng—102.
8 Here Np—325 and Ng;—186.
9 Here Np=195 and Ng=112.
10 Here Np=111 and Ng=66.
"' Here Np—=552 and Ng—291.
12 Here Ngp=114 and Ng—=70.
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Fig. 24: The mean squared deviation factor for the unified comparison.
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Table 64: Statistics of the experimental-to-simulated spallation and fission yield comparisons

All products

Code Spallation Fission (spallation+fission-+frag-)
mentation)
208pp N7 = 72, Ng = 50 N7 = 31, Ng— 14 N7 — 114, Ng = 70
E,=1.0GeV N1.3/N2o/Ns (F) S({(F)) Ni3/Nag/Ns (F) S({F)) Ni3/Naoo/Ns (F) S{F))
LAHET 32/46/50 1.41 1.32 1/3/14 3.50 1.68 36/55/70 1.90 1.70
CEM2k 29/48/50 1.42 1.25 - - - 30/51/55 1.61 1.43
CASCADE/INPE 23/42/46 1.54 1.35 4/8/14 2.29 1.73 27/51/64 1.84 1.56
CASCADE 22/43/49 1.55 1.32 4/8/14 2.67 1.94 26/51/66 2.09 1.79
YIELDX 21/37/50 1.85 1.55 1/3/14 6.87 2.63 23/44/70 2.78 2.22
CEM95 27/43/50 1.95 1.82 - - - 27/43/51 2.06 1.91
INUCL 14/25/50 2.63 1.91 7/10/13 1.99 1.75 21/35/67 2.85 2.10
HETC 17/35/47 3.48 3.22 - - - 17/35/50 3.76 3.30
natyy Ny =100, Ng = 56 Ny =18, Ng = 15 Ny =129, Ng =75
E,=2.6GeV N13/N2o/Ns  (F)  S({F)) Ni3/Nao/Nsg (F) S((F))  Niz/Nao/Ns  (F)  S({F))
CEM95 28/52/56 1.52 1.35 - - - 28/53/63 2.40 2.23
CASCADE 36/50/56 1.50 1.39 2/4/13 5.43 3.12 38/56/73 2.29 2.12
CEM2k 17/47/56 1.79 1.41 - - - 18/51/65 2.13 1.68
LAHET 10/46/56 1.80 1.35 0/3/11 6.36 2.97 10/50/71 2.53 1.92
YIELDX 21/35/56 1.92 1.49 3/8/15 2.32 1.68 24/46/75 2.04 1.56
INUCL 27/46/56 1.76 1.53 0/0/5 14.16 1.86 27/46/64 3.05 2.63
HETC 27/41/54 2.75 2.51 - - - 28/43/60 2.84 2.50
natfo Ny =36, Ng = 23 Ny =8, Ng =4 Ny =44, Ng = 27
Ep:OIGeV N1_3/N2_0/N5 <F> S((F)) N1_3/N2_0/NS <F> S(<F>) N1.3/N2.0/NS <F> s(<F>)
CEM2k 6/18/22 1.69 1.35 - - - 6/18/22 1.69 1.35
LAHET 7/15/22 1.79 1.43 0/0/2 9.36 1.38 7/15/24 2.35 1.88
INUCL 8/15/22 2.06 1.63 0/0/3 8.52 1.56 8/15/25 2.74 2.07
CASCADE 11/15/22 2.19 1.89 0/1/3 4.56 1.93 11/16/25 2.47 2.03
CEM95 8/14/23 2.14 1.67 - - - 8/14/23 2.14 1.67
HETC 4/7/18 3.75 2.58 - - - 4/7/18 3.75 2.58
natfo Ny =52, Ng =33 Ny =13, Ng =6 Ny =65, Ng = 39
Ep:OZGeV N1_3/N2_0/N5 <F> S((F)) N1_3/N2_0/NS <F> S(<F>) N1.3/N2.0/NS <F> s(<F>)
LAHET 16,/28/33 1.50 1.30 0/1/5 3.43 1.77 16,/29/38 1.80 1.54
CEM2k 18/27/33 1.61 1.43 - - - 18/27/33 1.61 1.43
YIELDX 15/29/33 1.58 1.32 0/3/6 2.53 1.51 15/32/39 1.75 1.43
CASCADE 9/26/33 2.13 1.77 2/2/5 3.71 2.36 11/28/38 2.34 1.91
CEM95 11/26/33 2.16 1.86 - - - 11/26/33 2.16 1.86
INUCL 10/20/33 2.23 1.71 2/2/5 2.69 1.88 12/22/38 2.29 1.74
HETC 6/19/29 3.74 2.98 - - - 6/19/29 3.74 2.98
natfo Ny =66, Ng = 44 Ny =21, Ng =13 Ny =103, Ng = 64
E,=0.8GeV N13/Nao/Ns (F) S(F)) Nis/Nao/Ns (F) S(F)) Ni3/Nao/Ns (F) S({F))
CASCADE 25/40/43 1.43 1.27 3/6/11 2.59 1.81 29/47/60 2.11 1.86
LAHET 29/41/44 1.46 1.33 1/1/11 4.03 1.61 34/49/63 1.98 1.73
CEM2k 21/42/44 1.46 1.27 - - - 22/44/49 1.66 1.45
CEM95 30/41/44 1.56 1.51 - - - 30/41/47 2.19 2.17
YIELDX 16/35/44 1.68 1.36 4/5/12 3.25 2.13 23/47/64 2.10 1.73
INUCL 21/32/43 1.89 1.59 2/3/10 4.17 2.32 23/35/59 2.56 1.97
HETC 14/33/40 2.21 1.98 - - - 14/34/42 2.33 2.06
natfo Ny =92, Ng =64 Ny =30, Ng = 20 Ny = 141, Ng = 82
E,=2.6GeV  Nig/Nao/Ns  (F) SHF)) Nis/Nao/Ns  (F)  S(F)) Nis/Nao/Ns  (F)  S{F))
CASCADE 34/49/54 1.52 1.40 4/10/16 2.08 1.46 39/65/78 1.68 1.45
CEM95 30/49/54 1.54 1.39 - - - 31/52/61 1.93 1.77
LAHET 11/44/53 1.70 1.25 5/10/18 2.52 1.85 16/58/79 1.98 1.47
CEM2k 16/45/54 1.75 1.37 - - - 21/52/66 2.48 2.10
INUCL 20/44/54 1.90 1.62 4/9/15 2.68 2.00 25/55/77 2.46 2.00
YIELDX 14/40/54 2.02 1.56 3/7/19 3.49 1.95 18/50/81 2.44 1.76
HETC 23/40/49 2.35 2.17 - - - 23/44/57 2.53 2.29
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4.4 General conclusions on the agreement between the experimental
and simulated product nuclide yields.

The comparison is expedient to make for two groups of nuclei: with a significant fission mode
(the conditionally "heavy'"nuclei 182:183,184,186\y natyy natpg 208py, 23277} nat(]) and without any
fission mode (the conditionally "light"nuclei *Fe, *Ni, %*Co, %°Cu, %Nb, #Tc¢). It should be
noted that, beside the methodological convenience, this classification reflects (somewhat conditionally)
the distinquishing design features of the materials as applied to the ADS (the target and structure
materials). A total of 4050 experimental yields of proton reaction products have been obtained at
ITEP under the ISTC Project 839B-99. Of them, 2427 yields were used to verify the simulation
codes. Table 63 and Figure 24 summarize the information on the predictive power of the codes.

In the case of light nuclei, where nearly all product nuclides are formed by spallation,
the predictive power of most of the Monte-Carlo codes is characterized by the mean squared
deviation factor of at least 2, with the agreement being somewhat worse at low energies. The semi-
phenomenological YIELDX code gives the best result when predicting the reaction product yields
in light nuclei, and sometimes approaches the required 30% accuracy. It should be noted, however,
that YIELDX does not generally use any physical model, but is based on the approximations for
a large set of experimental data.

In the case of heavy nuclei, the physics of proton-nucleus interactions gets complicated
because the fission process becomes significant. Production of high-energy fission product nuclides
cannot be described by some of the tested codes (CEM95, HETC), or else the applied models are
imperfect. Therefore, the mean squared deviation factor (see Table 64) is very high (commonly, at
least 3.0 and sometimes about an order) for the fission products. From this it follows that, although
the spallation products are described by the present-day codes somewhat better for heavy nuclei
that for light nuclei (the mean squared deviation factor of about 1.5), the general agreement is
about the same as in the case of light nuclei (the mean squared deviation factor about 2.0 and
higher). From this it follows that the further development of fission models is a priority task in
updating the simulation codes.

It should also be noted that, in the case of high-energy (E, >1 GeV) projectile protons, most
of the tested codes fail to satisfactorily describe the production of the nuclides whose nucleon
compositions are close to the primary nuclei. This is also indicative of but imperfect physical
models that are used to describe the (p, xpyn)-type processes, where x+y < 3 (the pre-equilibrium
nucleon emission).

As a whole, it can be concluded that almost all the above-verified codes are applicable,
during the stage of feasibility study and development work, but cannot be yet used to solve the
applied problems that arise when designing and operating the ADS facilities. At the same time,
the yields of numerous secondary products have to be known to within a very high accuracy for
many reasons (large cross sections for neutron capture, a high radiotoxicity, chemical poisoning
of structure elements, gas evolution, etc.). So, the codes have to be seriously improved to become
a reliable tool for calculating the ADS parameters.

4.5 Methods for improving the simulation codes.

Most of the simulation codes, which describe the intermediate-energy nuclear reactions, make
use of the Monte-Carlo method, are based on Intranuclear Cascade (INC) models , and treat a
reaction to be a multistage procvess (INC, pre-equilibrium, equilibrium evaporation, and fission)

Since the intermediate energy range is very broad, different models are applied to different
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stages. The models describe the stages with different degree of rigor and are of different predictive
powers. As a result, the simulation data of the codes, which are seemingly alike in their physical
nature, differ much from each other.

The accuracy of describing the experimental yields of nuclear reaction products, as well as the
predictive power of the simulation codes, can well be improved by updating the models realized
in the codes when solving a set of the fundamental problems, of which the following is most
important:

— Construction of a consistent nuclear fission model that would allow for the shell-to-liquid
drop fission barrier transition and for the nuclear viscosity effects;

— Updating of the INC model aimed at effective allowance for the cluster emission during the
pre-equilibrium stage of nuclear reactions;

— Development of consistent methods for calculating the spallation reaction cross sections and
comparing the INC model with the optical-statistical calculation data in order to correctly
include the nuclear structure effects in the energy range of 20-200 MeV.

It should be noted that the parametric fitting in terms of the present-day models, most
of which do not reach any sufficient accuracy in representing the basic physical effects, can but
partly solve the problem of constructing reliable models and codes. In some cases, such a fitting can
distort the parameters and their physical sense, thereby considerably restricting the potentialities
and predictive power of the codes.

5 Conclusion

The interest shown in the ADS facilities encourages us to anticipate that the accumulation and
analysis of nuclear data for different ADS applications will have the same growth in academic
interest and practical commitments as was the case for nuclear reactor data during the last five
decades.

The experience gained in the reported researches indicates that the updating of the codes
and the optimal selection of the parameters should better be applied to the promising materials
and to the nuclei supported by as copious data as possible.

With the above purposes, we have proposed a new project (ISTC-#2002) aimed at studying
in detail the yields of proton-induced reaction products from Pb and Bi isotopes in a broad energy
range (0.04-2.6 GeV). Successful realization of the new project is expected to be an important step
towards the goal of the reported researches, i.e., the desired accuracy of the models and codes used
to calculate the nuclear-physics characteristics of ADS facilities and the reliable nuclear database
compilation that can be used in other promising nuclear technologies
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7 Annex 1. Comparison between experimental and simulated
data.

Table 65: Experimental and calculated yields from ¥*2W irradiated with 0.2 GeV protons.

Product T2 Type Exp yield Calculated Yields [mbarn] via
[mbarn] CEM95 LAHET CASCADE HETC INUCL YIELDX
18IRe 19,9h i 132+ 1.8 23.5 30.7 40.3 22.3 25.1 11.2
1T9Re 19,5m i 21.7 £ 25 21.5 31.8 33.7 28.0 28.6 23.0
Y 21,6d c 70.6 £ 8.2 76.4 91.1 81.6 73.2 108. 80.9
Ay 135m c 70.4 + 8.0 79.4 84.3 79.2 73.8 93.6 68.9
176w 2,5h c 84.1 £ 7.1 80.3 91.1 91.3 75.8 96.1 57.5
17w 31m c 80.6 £ 9.0 72.2 85.5 92.6 77.8 71.7 35.9
183Tq 5,1d c 0.548 + 0.117 — - - - - 0.753
176 g 8,09h c 112. + 8. 115. 114. 107. 84.7 130. 93.1
176Tq 8,09h i(m+g) 25.3 + 3.1 35.8 24.2 16.4 10.0 34.2 36.2
174 Ty, 1,14h i 242 + 4.3 46.0 28.9 20.6 10.4 27.5 29.9
172g 36,8m c* 51.2 +£4.3 91.6 104. 121. 110. 72.7 62.1
11T 23,3m c* 10.0 + 1.4 56.3 77.8 90.2 103. 45.9 47.5
L5 Hf 70d c 120. £ 9. 134. 116. 108. 89.1 118. 86.6
LT3 Hf 23,6h c 115. £ 8. 132. 110. 109. 90.6 84.5 75.1
1721t 1,87y c 86.8 + 5.8 115. 102. 113. 93.6 69.4 74.4
1TIHf 12,1h c 72.3 £ 5.7 87.1 86.0 96.1 97.5 49.8 65.0
2Ly 6,70d  i(ml+m2+g)  1.17 £ 0.09 4.82 1.38 0.219 0.018  0.208 2.14
MLy 8,24d i(m+g) 12.6 + 3.1 6.11 2.63 0.668 0.035  0.327 2.10
10y 2,012d c 60.8 + 3.9 57.6 65.6 85.5 90.7 34.8 31.8
169y 32,026d c 48.6 + 3.1 38.8 53.2 64.8 106. 24.2 19.6
166Tm 7,70h c 159+ 1.1 4.38 21.3 14.8 38.7 7.79 6.25
165Tm 30,06h c 10.7 £ 0.8 1.73 11.6 7.53 2.93 4.78 3.66
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Fig. 25: Detailed comparison between experimental and simulated yields of radioactive reaction
products in *¥2W irradiated with 0.2 GeV protons. The cumulative yields are labeled -¢c when the
respective independent yields are also shown.
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Mass yields in 182y, 183w, 18w, and *°w irradiated with 0.2GeV protons
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Fig. 26: The simulated mass distributions of reaction products together with the measured
cumulative and supra-cumulative yields in 82183184186\W jrradiated with 0.2 GeV protons.
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Statistics of sim-to-exp ratios for 0.2GeV proton-irradiated #w
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Fig. 27: Statistics of the simulation-to-experiment ratios (criterion 2) for W irradiated with 0.2
GeV protons.
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Table 66: Experimental and calculated yields from **W irradiated with 0.8 GeV protons.

Product Ty/2 Type Exp yield Calculated Yields [mbarn| via
[mbarn] CEM95 LAHET CASCADE HETC INUCL YIELDX

18Ta 5,1d c 1.14 + 0.22 - - - - - 0.626
181Re 19,9h i 4.58 £+ 0.72 4.34 6.98 6.55 3.97 3.36 1.86
ALY 135m c 25.4 4+ 2.9 22.9 28.5 21.4 26.9 26.9 26.7
176a 8,09h c 50.9 + 4.3 37.2 46.8 35.1 35.8 53.7 41.7
L5 f 70d c 56.3 £ 4.1 43.1 52.2 41.4 40.6 64.2 46.5
174Tq 1,14h c 51.5 £ 5.5 34.8 42.3 38.1 35.2 50.4 37.5
174Tq 1,14h i 38.1 £4.8 16.8 17.7 13.6 12.6 25.9 18.5
LT3Hf 23,6h c 60.2 £ 4.4 45.5 49.7 46.1 41.6 66.5 53.4
L2yt 1,87y c 479 + 3.3 44.5 49.2 50.8 41.3 68.2 65.4
121y 6,70d  i(ml+m2+g)  3.68 £ 0.40 4.15 3.80 1.93 1.24 5.43 1.94
1L f 12,1h c 48.1 + 4.8 45.7 47.0 48.2 43.3 64.0 71.0
MLy 8,24d i(m+g) 9.61 + 3.79 6.86 6.24 3.84 1.49 7.49 3.42
10y 2,012d c 51.1 £ 4.1 49.3 49.5 52.7 41.8 68.9 44.8
10y 2,012d i(m+g) 4.04 £+ 2.25 8.85 741 3.53 1.44 8.03 4.39
169y 32,026d c 58.0 & 4.4 54.8 49.5 54.0 43.3 68.1 33.7
167Tm 9,25d c 60.6 &+ 12.2 56.6 46.0 49.3 39.8 58.7 26.8
166Tm 7,70h c 56.2 + 4.0 58.3 53.7 59.2 43.8 62.9 30.9
166m 7,70h i 3.71 + 0.76 3.46 1.23 0.600 0.076  0.785 1.61
165y 30,06h c 57.3 + 4.2 57.6 47.3 55.5 434 52.9 24.8
162y 18,87m c 449 + 6.2 37.9 37.3 52.3 48.1 37.1 16.2
161Tm 33m c* 412+ 7.1 50.9 39.4 51.5 49.1 33.8 37.4
161 gy 3,21h c 47.3 + 4.2 55.8 38.0 48.1 42.8 32.4 41.2
160Ey 28,58h c 54.4 + 4.3 51.8 41.0 50.9 42.2 31.2 41.3
159y 36m c* 59.4 + 4.2 55.7 43.5 55.3 56.2 30.0 38.4
159Ho 33,05m c 54.4 + 4.2 50.0 36.8 43.5 42.0 24.7 35.7
157Dy 8,14h c 44.6 + 3.4 45.5 31.7 38.5 39.1 19.5 31.2
156Ho 56m c 38.14 3.0 36.6 29.6 37.1 35.9 18.4 27.0
155 5,32d c 36.7 + 3.3 34.7 28.5 22.8 0.029 13.9 28.6
153Dy 6,4h c 21.3+ 1.8 22.6 19.9 17.3 3.40 9.95 19.1
153Gd 240,4d c 28.0 £ 2.4 26.6 22.3 17.7 3.40 10.8 -
152Dy 2,38h c 20.1 £ 1.3 18.4 19.6 15.0 8.63 9.02 19.1
M8 Ey 54,5d i 1.14 £ 0.23 1.06 1.34 0.073 - 0.320 0.716
HTEy 24,1d c 22.5 +£ 1.9 12.2 16.3 15.9 32.1 7.23 11.9
H16Gd 48,27d c 19.1 + 1.2 9.40 13.8 15.0 25.7 7.60 12.3
M5Ey 5,93d c 13.9+ 1.0 7.09 13.2 10.7 24.3 5.42 10.6
139Ce 137,640d c 6.02 £+ 0.39 0.934 6.10 2.62 7.66 2.51 6.59
127Xe 36,4d c 0.936 £ 0.086 - 0.521 0.034 - 0.451 1.47
887r 83,4d c 0.346 + 0.074 - 0.209 0.825 - 0.131 1.46
88y 106,65d c 0.836 + 0.066 - 0.294 1.92 - 0.138 1.85
84Rb 32,77d i(m+g) 0.552 £ 0.045 - 0.076 1.77 - 0.027 0.248
83Rb 86,2d c 0.890 £ 0.122 - 0.209 2.88 - 0.148 1.39
" As 17,77d i 0.563 £ 0.066 - 0.104 0.931 - 0.047 0.277
Fe 44,472d c 0.281 4+ 0.030 - 0.133 0.123 - 0.007 0.115
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Products in “““W irradiated with 0.8GeV protons
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Fig. 28: Detailed comparison between experimental and simulated yields of radioactive reaction
products in *¥2W irradiated with 0.8 GeV protons. The cumulative yields are labeled -¢c when the
respective independent yields are also shown.
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Fig. 29: The simulated mass distributions of reaction products together with the measured
cumulative and supra-cumulative yields in *2W irradiated with 0.8 GeV protons.
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Statistics of sim-to-exp ratios for 0.8GeV proton-irradiated %W
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Fig. 30: Statistics of the simulation-to-experiment ratios (criterion 2) for W irradiated with 0.8
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Table 67: Experimental and calculated yields from **W irradiated with 1.6 GeV protons.

Product Ty/2 Type Exp yield Calculated Yields [mbarn| via
[mbarn] CEM95 LAHET CASCADE HETC INUCL YIELDX

181Re 19,9h i 3.71 £ 0.61 0.502 3.36 1.95 3.21 0.252 1.15
Y 135m c 194 + 2.4 14.9 17.6 14.1 19.3 17.4 19.7
182 g 114,43d c 2.24 + 0.34 0.017 1.50 - 0.316 - 1.21
176y 8,09h c 389+ 39 23.6 28.1 24.2 27.2 36.1 32.7
14Ty, 1,14h c 439+ 5.9 19.0 21.6 22.3 24.2 31.7 33.3
181 f 42,39d c 0.187 + 0.025  0.025 0.147 - 0.058 - 0.024
L5 f 70d c 39.0 £ 34 27.2 29.9 26.3 29.2 44.1 41.0
LT3Hf 23,6h c 38.6 = 3.2 24.9 25.2 28.0 27.6 41.6 -
113 23,6h i 6.20 &+ 2.75 8.09 4.79 5.71 4.50 12.3 16.9
172t 1,87y c 30.5 + 2.9 23.9 23.4 28.8 26.7 43.2 83.0
111 12,1h c 30.5 + 3.3 22.7 21.6 27.5 26.1 39.9 100.
12Ty 6,70d  i(ml+m2+g)  2.95 + 0.26 2.65 2.51 1.58 1.27 4.54 1.84
T 8,24d i(m+g) 4.72 + 2.23 3.91 3.67 2.91 1.25 6.51 3.14
1701,y 2,012d c 32.2 £ 2.7 24.2 23.1 29.9 25.3 44.7 -
10 2,012d i(m+g) 7.25 + 1.97 4.78 4.17 2.75 1.73 6.98 4.01
169yh 32,026d c 32.1+26 27.0 23.6 30.8 26.4 47.3 33.5
162Yh 18,87m c 39.5 + 5.7 17.7 16.8 31.1 27.9 33.1 17.6
167Tm 9,25d c 36.3 £ 5.2 27.4 20.7 29.9 23.0 44.2 24.3
166y 7,70h c 31.8 +£32 27.2 26.0 35.0 27.3 47.6 28.2
166y 7,70h i 0.264 + 0.357 1.84 0.950 0.709 0.124 1.20 2.01
165Tm 30,06h c 32.1+28 27.0 21.6 32.7 25.4 43.0 25.5
161y 3,21h c 28.2 + 3.8 27.2 19.0 31.5 24.7 33.6 45.1
160Er 28,58h c 32.7 £ 3.2 26.7 20.1 34.6 25.3 34.6 44.5
159y 36m c* 40.3 £ 6.0 31.2 22.5 37.7 32.2 35.2 41.0
156 o 56m c 24.6 +£4.9 25.6 16.6 30.7 22.1 25.8 27.9
157Dy 8,14h c 31.5 £ 29 28.3 18.4 30.6 23.4 26.6 32.6
153Dy 6,4h c 22.3 + 2.5 21.3 12.6 18.4 2.38 17.6 19.7
152Dy 2,38h c 20.3 + 1.7 18.9 13.8 17.2 5.85 17.1 -
155Th 5,32d c 30.0 £ 2.5 26.0 17.8 20.6 0.259 22.0 29.5
153Gd 240.,4d c 24.1 +£ 2.4 25.3 14.7 19.5 2.38 19.6 23.1
151Gd 124d c 20.6 &+ 2.0 27.2 15.4 24.1 18.4 19.8 18.0
146Gd 48,27d c 26.3 + 2.1 28.5 14.0 32.5 26.2 20.0 13.3
H47TEy 24,1d c 28.8 + 24 30.9 15.8 28.8 26.9 18.5 12.1
146y 4,61d i 7.22 £+ 1.00 5.65 4.26 0.885 - 2.45 2.52
H45Ey 5,93d c 228 +£1.9 31.0 15.7 27.0 27.3 16.2 11.6
144pm 363d i 0.569 & 0.074  1.00 0.794 0.125 - 0.371 1.09
143pm 265d c 22.8 &+ 2.3 32.1 16.0 26.3 26.9 15.1 14.2
137Nd 38,5m c 37.3 £ 5.1 20.6 9.79 18.0 26.6 8.96 4.03
136Nd 50,65m c 17.6 £ 1.8 15.6 10.6 16.4 23.9 7.81 2.74
139Ce 137,640d c 21.8 £ 1.8 29.1 17.0 21.9 24.4 12.2 7.82
135Ce 17,7h c 182 £ 1.4 24.0 14.1 16.6 24.2 9.19 4.70
134Ce 3,16d c 170 £ 1.6 20.9 14.9 17.2 20.4 8.77 5.04
132Ce 3,51h c 13.8 £ 1.6 14.5 14.1 13.1 21.5 6.33 -
133Ba 3848,9d c 172 £ 2.5 20.1 134 14.0 20.1 8.19 4.81
131Bg 11,50d c 148 + 1.1 16.9 16.5 12.4 20.3 7.21 4.43
128By 2,43d c 11.6 £ 1.1 11.1 17.0 9.55 16.8 4.87 3.65
129Cg 32,06h c 147+ 1.4 15.0 16.9 9.97 22.8 6.21 4.46
127TXe 36,4d c 11.1 £ 0.9 114 17.9 8.42 19.1 4.69 3.13
125Xe 16,9h c 9.84 + 0.80 8.94 15.4 7.30 18.1 4.10 1.98
123Xe 2,08h c 109 £ 1.0 5.90 10.4 4.66 14.6 2.49 2.75
105Ag 41,29d c 1.69 £+ 0.18 0.094 7.77 0.414 0.355  0.198 1.63
9%Nb 14,60h c 1.12 £ 0.11 - 1.11 0.159 - 0.099 6.91
887y 83.4d c 1.19 £+ 0.13 - 1.60 1.10 - 0.164 10.8
88Y 106,65d i(m+g) 0.550 4+ 0.143 - 0.737 0.687 - 0.017 2.12
84Rb 32,77d i(m+g) 0.735 4+ 0.084 - 0.376 1.38 - 0.041 1.11
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Table 67, cont’d.

Product T2 Type Exp yield Calculated Yields [mbarn]| via
[mbarn] CEM95 LAHET CASCADE HETC INUCL YIELDX
S5Rb 86,2d c 2.12 £ 0.28 — 0.941 3.07 - 0.245 10.1
5Se 119,779d ¢ 1.57 + 0.23 - 0.491 2.44 - 0.317 7.17
™As 17,77d i 0.921 £ 0.108 - 0.188 0.993 - 0.054 1.87
Fe 44.472d ¢ 0.503 £ 0.051 - 0.057 0.176 - 0.007 0.716
54Mn 312,11d i 1.08 £ 0.21 - 0.319 0.403 - 0.065 2.81
8y 15,9735d ¢ 0.252 + 0.038 - 0.205 - - 0.036 0.942
485 43,67h i 0.429 + 0.045 - 0.065 0.074 - 0.010 0.374
Mg 20,915h ¢ 0.388 4 0.042 - - 0.006 - - 0.286
24Na 14,9590h ¢ 1.84 + 0.15 - 0.074 0.028 - - 0.899
"Be 53,29d i 5.12 + 0.58 - - - - - 1.53
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Fig. 31: Detailed comparison between experimental and simulated yields of radioactive reaction
products in *¥2W irradiated with 1.6 GeV protons. The cumulative yields are labeled -¢c when the
respective independent yields are also shown.
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182

Mass yields in ~"“W irradiated with 1.6GeV protons
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Fig. 32: The simulated mass distributions of reaction products together with the measured
cumulative and supra-cumulative yields in *2W irradiated with 1.6 GeV protons.
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Statistics of sim-to-exp ratios for 1.6GeV proton-irradiated %W
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Fig. 33: Statistics of the simulation-to-experiment ratios (criterion 2) for 2W irradiated with 1.6
GeV protons.
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Table 68: Experimental and calculated yields from *3W irradiated with 0.2 GeV protons.

Product Ty/2 Type Exp yield Calculated Yields [mbarn] via
[mbarn] CEM95 LAHET CASCADE HETC INUCL YIELDX
183 Re 70,0d i(m+g) 5.20 £ 0.46  9.87 11.3 6.03 10.8 18.1 5.87
182Re 64,0h i 3.91 £041 204 15.2 26.9 14.3 22.3 12.1
181Re 19,9h i 224 £ 29 21.0 32.0 41.8 26.1 28.3 19.4
179Re 19,5m i 19.8 £ 3.7 21.9 30.6 31.3 28.2 28.9 27.3
ALY 21,6d c 65.5 £ 10.5  78.9 91.2 84.1 72.4 104. 85.0
ALY 135m c 64.9 + 7.8 80.6 81.1 81.0 72.7 86.9 72.2
176\ 2,5h c 749 +£10.1  81.9 90.2 92.3 74.9 86.2 60.7
174y 31m c 71.8 £ 8.4 64.3 77.6 89.5 77.6 61.0 36.3
183, 5,1d c 2.71 £ 0.29 - - - - - 3.27
176g 8,09h c 118. £ 9. 121. 116. 109. 84.0 117. 92.9
176 8,09h i(m+g) 39.2 + 8.1 40.2 26.7 17.6 10.2 31.5 32.9
174 Ty, 1,14h i 32.0 £ 5.5 47.1 31.5 21.7 10.4 22.9 26.1
1727 36,8m c* 48.0 £ 5.2 66.6 89.4 115. 110. 55.7 50.3
L7l g, 23.3m c* 8.16 + 1.22 34.3 65.8 79.1 105. 33.7 23.1
LTS Hf 70d c 121. £ 9. 135. 114. 112. 87.7 102. 91.7
LTS Hf 23,6h c 107. £ 7. 117. 104. 106. 92.6 67.8 69.2
172 Hf 1,87y c 76.2 £ 5.4 90.4 89.3 109. 93.2 53.6 63.7
1T1gf 12,1h c 69.9 £+ 5.2 59.2 74.3 85.6 98.9 37.2 37.7
121y 6,70d  i(ml+m2+g) 1.68+0.18  5.64 2.09 0.333 0.035  0.188 2.02
Ty 8,24d i(m+g) 512 £1.25  7.08 3.35 0.592 0.044  0.293 1.97
10y 2,012d c 51.5 + 3.6 37.7 54.5 69.2 95.4 25.2 18.4
169y 32,026d c 38.0 £ 2.6 22.7 42.0 47.0 117. 17.0 11.8
166Tm 7,70h c 11.6 £ 0.8 2.08 13.4 8.81 7.18 5.04 3.77
165Tm 30,06h c 6.75 £ 0.69  0.735 6.25 3.99 0.202 3.26 2.97
Products in ***W irradiated with 0.2GeV protons
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Fig. 34: Detailed comparison between experimental and simulated yields of radioactive reaction
products in **3W irradiated with 0.2 GeV protons. The cumulative yields are labeled -¢c when the
respective independent yields are also shown.
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Statistics of sim-to-exp ratios for 0.2GeV proton-irradiated **w
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Table 69: Experimental and calculated yields from *3W irradiated with 0.8 GeV protons.

Product Ty/2 Type Exp yield Calculated Yields [mbarn| via
[mbarn] CEM95 LAHET CASCADE HETC INUCL YIELDX

18T 8,7h c 0.564 + 0.123 - — — — - 0.347
183Re 70,0d i(m+g) 1.69 + 0.33 1.67 2.61 0.670 2.04 4.54 0.969
183 5,1d c 5.53 + 0.39 0.017 0.076 - - - 3.76
181 Re 19,9h i 6.29 + 0.99 4.40 8.30 7.11 5.31 3.80 3.21
181 f 42,39d c 0.653 £ 0.074  2.26 2.47 7.01 2.88 2.07 0.192
1w 135m c 24.6 £ 2.8 21.1 27.2 21.2 26.1 26.0 29.6
176 8,09h c 54.1 + 4.7 36.4 44.8 36.1 35.3 52.9 45.3
LTS Hf 70d c 60.2 + 4.3 44.2 50.9 43.3 41.0 65.6 54.2
174 1,14h c 53.8 £ 5.8 33.3 39.3 37.9 36.6 49.3 39.6
174mg 1,14h i 454 £ 5.8 17.1 17.7 14.4 13.6 26.6 18.2
LTS Hf 23,6h c 62.8 + 4.6 45.2 49.1 46.7 40.6 65.1 57.9
172 Hf 1,87y c 51.8 £+ 3.6 44.5 47.2 50.5 41.2 67.7 70.4
121y 6,70d  i(ml+m2+g)  5.56 £ 0.45 5.85 4.72 2.40 1.45 6.28 2.99
1TIHf 12,1h c 48.4 + 4.2 43.1 45.4 48.8 41.7 62.9 49.0
Ty 8,24d i(m+g) 15.6 + 3.0 8.54 7.78 4.27 1.41 8.87 4.53
10y 2,012d c 58.4 + 4.7 48.8 48.4 52.1 42.6 67.8 32.2
110y 2,012d i(m+g) 13.6 + 2.4 10.5 9.25 4.10 1.84 8.94 5.13
169y 32,026d c 62.9 £+ 5.0 55.6 48.9 54.3 45.4 67.4 27.2
167Tm 9,25d c 64.4 £+ 13.0 58.2 44.7 50.0 40.4 56.4 25.3
166y 7,70h c 61.2 £ 4.3 58.2 53.7 60.2 43.8 58.0 25.8
166Tm 7,70h i 6.78 £+ 1.39 4.50 1.65 0.732 0.038 1.01 2.09
165Tm 30,06h c 63.6 £ 4.6 57.3 46.8 53.5 43.7 48.1 25.2
162y 18,87m c 40.9 £+ 5.3 34.8 34.1 49.4 44.5 32.2 15.4
161Tm 33m c* 4224+ 74 46.2 35.8 51.3 49.0 29.0 35.2
161y 3,21h c 51.8 + 4.6 52.9 35.4 48.0 42.8 28.7 40.5
160y 28,58h c 59.6 + 5.3 48.6 39.1 48.5 43.4 27.1 37.1
159y 36m c* 60.6 £ 4.2 53.1 41.8 53.5 55.4 25.9 33.6
159Ho 33,05m c 54.1 £ 5.6 49.1 36.4 42.6 41.4 21.8 33.3
157Dy 8,14h c 473 £ 3.6 43.1 31.0 37.8 38.8 17.3 28.4
156Ho 56m c 38.4 4+ 3.2 32.8 28.5 35.3 35.2 15.2 23.9
156Ho 56m i 12.8 £ 3.5 11.3 7.27 3.02 0.010 2.48 13.6
155 5,32d c 37.6 £ 3.3 32.8 28.3 22.0 0.038 12.7 25.6
153Dy 6,4h c 22,9 + 2.0 20.3 17.9 16.6 3.30 8.14 17.3
153Gd 240,4d c 27.2 + 2.1 24.5 20.8 17.2 3.30 9.09 —
152Dy 2,38h c 20.2 + 1.3 15.5 18.2 14.6 8.64 7.66 15.1
148y 54,5d i 1.48 £ 0.34 1.25 1.56 0.130 - 0.294 0.868
Mgy 24,1d c 21.5+ 1.8 9.83 14.4 13.1 30.8 5.97 11.3
16Gd 48,27d c 17.6 £ 1.1 7.59 11.8 13.4 24.7 6.31 9.55
45Ey 5,93d c 13.3 + 1.0 5.72 10.9 8.67 22.6 4.46 9.50
139Ce 137,640d c 5.65 £ 0.36 0.946 4.96 1.91 6.91 2.03 5.70
127Xe 36,4d c 0.907 £ 0.091 - 0.466 0.034 - 0.392 1.31
887r 83,4d c 0.308 + 0.116 - 0.171 0.625 - 0.084 1.52
88y 106,65d c 0.970 £ 0.074 - 0.238 1.45 - 0.101 2.00
84Rb 32,77d i(m+g) 0.641 £ 0.055 - 0.105 1.58 - 0.020 0.305
83Rb 86,2d c 0.968 + 0.113 - 0.181 2.76 - 0.112 1.45
™ As 17,77d i 0.582 £ 0.058 - 0.095 0.749 - 0.037 0.332
e 44.472d c 0.405 £ 0.050 - 0.048 0.039 - 0.014 0.136
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Products in “""W irradiated with 0.8GeV protons

B EXPERIMENT 77 HETC<F>=2.42 Y¢ CASCADE<F>=2.32
/A LAHET<F>=2.52 O INUCL<F>=2.61 X YIELDX<F>=2.03
[J CEM95<F>=1.65

Cross section [mb]
-
IR L DAL B IR B

10 * b L
& & o0
2f 4 1 ]
10 O NVOAO>SVQWIT I IT>T>2AQBO >0~ Q9 B 0SS SESESEgoto>tdcd©
LERg NX NS i 38 F fRSF MU ESEEEESIIITITIC SEISZTRCg’
SfBFBE  TREIERSHEEBERBE RN gE8g EESSENESNE SRS g8 83
10 = —

Fig. 36: Detailed comparison between experimental and simulated yields of radioactive reaction
products in **3W irradiated with 0.8 GeV protons. The cumulative yields are labeled -¢c when the
respective independent yields are also shown.
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Fig. 37: The simulated mass distributions of reaction products together with the measured
cumulative and supra-cumulative yields in *3W irradiated with 0.8 GeV protons.
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Statistics of sim-to-exp ratios for 0.8GeV proton-irradiated #*w
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Table 70: Experimental and calculated yields from *3W irradiated with 1.6 GeV protons.

Product Ty/2 Type Exp yield Calculated Yields [mbarn| via
[mbarn] CEM95 LAHET CASCADE HETC INUCL YIELDX

181Re 19,9h i 4.60 + 0.76 0.880 4.17 1.65 4.67 0.731 1.49
ALY 135m c 17.7 £ 2.2 13.2 14.7 13.6 18.4 15.6 22.4
183y, 5,1d c 4.69 £ 0.45 0.034 1.81 0.006 0.413 - 2.58
182, 114,43d c 19.0 £ 1.5 37.7 45.9 50.8 49.6 38.6 12.1
176 8,09h c 43.1 + 4.3 22.6 24.8 24.0 25.7 34.0 38.3
174Tq 1,14h c 30.1 £ 3.9 17.6 19.8 21.4 22.6 29.2 35.6
174Tq 1,14h i 16.1 + 5.4 9.84 9.90 8.71 8.93 16.5 16.7
181 f 42,39d c 0.581 + 0.064  1.83 2.77 5.75 2.96 1.31 0.163
15 Hf 70d c 42.1 £ 3.7 26.2 27.7 27.1 27.6 42.6 48.7
LT3 Hf 23,6h c 41.3 £ 3.5 23.5 23.2 27.1 26.7 41.7 -
LT3 Hf 23,6h i 8.77 + 2.73 8.64 5.03 6.47 4.20 13.7 15.2
172 hf 1,87y c 33.7 £ 29 22.1 22.4 28.4 26.5 42.4 97.7
1T 12,1h c 31.0 £ 3.8 21.3 21.1 26.9 25.6 39.2 62.9
1721y 6,70d  i(ml+m2+g) 4.01 £0.35 3.74 2.76 1.97 1.46 5.66 2.79
MLy 8,24d i(m+g) 8.40 &+ 3.05 4.89 4.67 3.38 1.36 7.70 4.26
170 2,012d c 34.9 £+ 3.0 24.1 22.3 30.6 24.6 45.6 -
170 2,012d i(m+g) 13.0 £ 2.8 6.09 4.65 3.13 1.83 8.04 4.83
169yh 32,026d c 36.2 £+ 3.0 27.4 23.3 30.8 26.2 47.1 25.7
162yh 18,87m c 21.7 £ 4.0 17.1 15.8 30.1 28.0 31.4 17.2
168y 93,1d i 0.676 £+ 0.101 1.04 0.377 0.484 0.125 0.776 0.743
167Tm 9,25d c 40.4 + 5.6 28.3 21.1 30.7 23.2 44.9 24.0
166Tm 7,70h c 36.0 + 3.6 27.1 24.7 35.9 26.9 47.7 27.7
166Tm 7,70h i 1.08 4 0.50 2.37 1.07 0.871 0.144 1.39 2.52
165 30,06h c 36.4 + 3.2 26.6 21.8 32.3 25.7 42.0 26.5
161y 3,21h c 334+ 35 28.1 17.4 31.9 25.3 33.0 43.9
160y 28,58h c 36.6 = 3.6 27.2 19.4 34.1 25.4 33.1 39.6
159Fy 36m c* 36.0 + 5.5 29.9 21.8 37.8 34.1 32.5 35.5
156 o 56m c 22.5 + 2.6 24.0 16.9 29.3 22.0 24.3 24.7
157Dy 8,14h c 35.5 + 3.3 28.3 17.2 31.0 23.0 26.7 29.5
153Dy 6,4h c 26.2 &+ 3.0 21.2 12.2 19.0 2.35 16.7 17.8
152Dy 2,38h c 225+ 1.9 18.0 12.4 17.1 5.81 16.5 -
155Th 5,32d c 32.7 £28 26.9 17.3 22.0 0.202 21.9 26.4
153Gd 240,4d c 28.8 £ 2.7 25.7 14.6 20.4 2.35 19.0 21.9
151Gd 124d c 234 +£22 26.1 15.4 23.3 18.8 18.8 16.9
146Gq 48.27d c 28.3 + 2.3 26.9 13.1 32.4 27.5 18.7 10.5
TRy 24,1d c 309 £ 2.7 30.2 15.3 28.5 26.7 16.5 11.7
16 Ey 4,61d i 6.93 &+ 1.02 6.65 4.56 1.21 - 2.36 3.03
M45Ey 5,93d c 25.0 £+ 2.1 29.8 14.2 25.9 28.3 14.6 10.6
144pm 363d i 0.521 + 0.138  1.18 0.993 0.120 - 0.359 1.31
143pm 265d c 26.1 £ 2.7 31.5 17.0 25.9 27.2 13.7 13.5
13TNd 38,5m c 29.5 + 34 17.9 9.59 16.6 25.9 7.77 3.10
136N 50,65m c 15.9 + 1.7 13.3 10.3 14.9 23.7 6.48 2.02
139Ce 137,640d c 24.0 £ 2.0 27.8 17.6 21.4 25.1 10.6 7.04
135Ce 17,7h c 19.4 + 1.5 22.9 13.6 15.5 23.0 8.23 4.74
134Ce 3,16d c 171+ 1.7 19.2 14.9 15.8 19.8 7.94 4.73
132Ce 3,51h c 159+ 1.3 13.3 13.9 11.9 21.4 5.48 -
133Ba 3848.,9d c 171+ 1.8 19.3 14.4 13.6 20.2 7.09 4.56
131Ba 11,50d c 15.8 + 1.2 16.2 16.1 11.1 20.2 6.01 4.07
128Ba 2,43d c 12.4 + 1.2 9.69 16.6 8.96 16.4 3.85 3.45
129Cg 32,06h c 159 + 1.6 14.3 17.5 9.88 22.2 5.36 4.02
127TXe 36,4d c 12.0 £ 1.0 10.8 17.9 7.75 17.8 4.00 2.95
125X e 16,9h c 10.3 + 0.8 8.03 15.1 6.01 17.5 3.09 1.84
123Xe 2,08h c 11.2 £ 1.0 5.05 9.75 4.07 13.9 2.08 2.91
10540 41,29d c 1.54 £ 0.15 0.034 7.99 0.342 0.394  0.198 1.63
9%ONb 14,60h c 1.68 £ 0.23 - 0.936 0.165 - 0.068 1.59
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Table 70, cont’d.

Product T2 Type Exp yield Calculated Yields [mbarn| via
[mbarn] CEM95 LAHET CASCADE HETC INUCL YIELDX
887y 83,4d c 1.17 £ 0.10 - 1.49 0.917 - 0.144 11.0
88y 106,65d c 2.20 + 0.18 - 2.17 1.54 - 0.175 13.5
84Rb 32,77d  i(m+g) 0.750 £ 0.074 - 0.369 1.34 - 0.014 1.34
83Rb 86,2d c 1.84 + 0.21 - 1.06 2.83 - 0.178 10.1
"5Se 119,779d c 1.90 + 0.22 - 0.517 2.25 - 0.250 7.24
TAs 17,77d i 0.917 + 0.120 - 0.246 1.00 - 0.062 2.15
59Fe 44,472d c 0.659 + 0.063 - 0.074 0.256 - 0.014 0.822
54Mn 312,11d i 1.21 + 0.13 - 0.361 0.325 - 0.038 2.90
8y 15,9735d c 0.276 £ 0.032 - 0.181 - - 0.032 0.844
485 43,67h i 0.410 £ 0.059 - 0.041 0.085 - 0.003 0.419
Mg 20,915h c 0.362 + 0.070 - - 0.034 - - 0.318
24Na 14,9590h c 2.04 + 0.18 - 0.066 0.011 - - 0.962
"Be 53,29d i 4.52 + 0.51 - - - - - 1.51
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Fig. 39: Detailed comparison between experimental and simulated yields of radioactive reaction
products in **3W irradiated with 1.6 GeV protons. The cumulative yields are labeled -¢c when the

respective independent yields are also shown.

157



183

Mass yields in "W irradiated with 1.6GeV protons
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Fig. 40: The simulated mass distributions of reaction products together with the measured
cumulative and supra-cumulative yields in *3W irradiated with 1.6 GeV protons.
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Statistics of sim-to-exp ratios for 1.6GeV proton-irradiated **w
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Fig. 41: Statistics of the simulation-to-experiment ratios (criterion 2) for 3W irradiated with 1.6

GeV protons.
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Table 71: Experimental and calculated yields from **W irradiated with 0.2 GeV protons.

Product Ty/2 Type Exp yield Calculated Yields [mbarn] via
[mbarn] CEMY95 LAHET CASCADE HETC INUCL YIELDX
18Re 70,0d i(m+g) 115+ 1.1 20.9 29.5 32.5 22.1 24.6 10.6
182Re 64,0h i 6.22 + 0.64  21.0 16.3 27.7 18.8 24.4 18.4
181 Re 19,9h i 239 + 3.1 22.2 30.7 39.4 27.1 29.1 25.6
179Re 19,5m i 18.2 £ 2.0 21.5 29.9 32.1 28.3 28.1 30.2
178y 21,6d c 76.0 + 9.3 82.7 91.3 89.4 71.7 95.9 87.8
ALY 135m c 58.3 + 6.9 81.6 82.3 83.0 75.6 79.0 75.3
176\ 2,5h c 73.1+ 6.4 78.7 86.7 93.7 79.3 77.4 63.2
174y 31lm c 60.0 £ 6.9 51.6 69.5 87.1 79.3 51.1 35.4
183 g 5,1d c 9.71 £ 0.73 42.9 27.3 36.1 22.9 80.6 12.4
176y, 8,09h c 109. + 8. 122. 114. 112. 88.5 104. 92.7
176y, 8,09h i(m+g) 34.1 £ 4.0 43.6 27.6 18.8 10.6 27.6 30.3
1747y 1,14h i 27.9 + 4.4 42.3 30.7 20.2 9.39 18.6 22.9
172q 36,8m c* 40.5 + 4.4 43.0 74.4 101. 111. 42.9 30.5
AN Y 23.3m c* 5.59 £ 0.80 18.5 50.8 65.0 107. 24.4 10.2
175 Hf 70d c 111. £ 9. 132. 114. 110. 87.0 89.7 96.2
1T3Hf 23,6h c 93.3 £ 6.5 95.0 91.8 98.1 92.5 54.0 70.3
172Hf 1,87y c 65.9 + 4.8 65.2 75.9 95.9 93.3 41.9 44.3
1TIHf 12,1h c 44.1 + 3.6 36.9 59.0 70.6 101. 27.6 23.0
2Ly 6,70d  i(ml4+m2+g) 1.77 £0.14  5.56 1.82 0.334 0.035  0.197 1.90
My 8,24d i(m+g) 14.5 +£ 2.1 5.68 3.61 0.741 0.026  0.318 1.82
170y 2,012d c 389 + 2.7 21.1 40.4 52.7 106. 18.3 12.8
169yh 32,026d c 28.0+ 1.9 11.7 30.2 31.3 122. 12.0 8.39
166 Tm 7,70h c 6.98 + 0.59  0.766 8.15 5.25 0.386 3.79 2.91
165y 30,06h c 3.80 +£0.31 0.206 4.05 2.04 - 2.35 2.56
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Fig. 42: Detailed comparison between experimental and simulated yields of radioactive reaction
products in *¥*W irradiated with 0.2 GeV protons. The cumulative yields are labeled -¢c when the
respective independent yields are also shown.
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Statistics of sim-to-exp ratios for 0.2GeV proton-irradiated 184w
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Table 72: Experimental and calculated yields from **W irradiated with 0.8 GeV protons.

Product Ty/2 Type Exp yield Calculated Yields [mbarn| via
[mbarn] CEM95 LAHET CASCADE HETC INUCL YIELDX

18T 8,7h c 0.950 + 0.085  0.017 0.038 - - - 0.647
183Re 70,0d i(m+g) 3.61 + 0.33 4.05 6.95 5.60 4.31 3.37 1.75
183, 5,1d c 212+ 1.5 44.6 56.6 59.3 55.0 59.3 15.9
181Re 19,9h i 7.42 £ 1.16 4.27 8.74 6.82 5.14 4.26 4.25
181 f 42,39d c 1.24 £ 0.11 3.09 2.77 6.00 2.84 5.03 0.401
1w 135m c 23.4 + 2.7 20.1 24.8 21.1 24.2 24.4 32.4
176 8,09h c 45.6 &+ 4.2 35.5 42.7 37.2 35.9 50.4 46.9
L5 Hf 70d c 56.7 £ 4.2 45.0 51.4 44.5 40.9 64.6 61.0
174 Ty, 1,14h c 50.0 £ 5.5 31.1 38.5 36.7 34.8 45.6 41.0
174mg 1,14h i 402 £ 5.6 17.1 18.5 14.3 12.9 24.8 18.0
LTS Hf 23,6h c 58.6 + 4.4 44.6 48.4 47.2 40.1 64.3 71.7
LTS Hf 23,6h i 11.5 + 2.7 16.9 9.98 10.9 5.13 20.5 16.6
121t 1,87y c 475 £+ 3.3 43.6 47.0 51.6 41.2 65.7 56.3
1721y 6,70d  i(ml+m2+g)  5.89 £ 0.60 7.12 5.47 2.84 1.41 7.26 3.70
1TIHf 12,1h c 444 4+ 5.0 41.5 43.0 48.8 42.6 59.3 32.8
MLy 8,24d i(m+g) 16.7 + 4.2 10.2 10.2 5.39 1.54 9.62 5.34
10y 2,012d c 54.0 + 4.4 48.7 46.9 53.3 41.3 65.3 26.0
0Ly 2,012d i(m+g) 5.77 + 3.70 12.5 10.3 4.69 1.94 9.86 5.74
169y, 32,026d c 61.4 + 4.5 56.0 49.3 54.5 44.8 64.4 23.9
167Tm 9,25d c 61.4 +12.4 58.2 44.0 51.0 41.5 53.9 25.3
166Tm 7,70h c 59.0 £ 4.2 59.0 52.7 60.7 45.9 54.9 25.0
166Tm 7,70h i 5.18 £ 0.76 5.68 2.07 0.876 0.086 1.14 2.49
165Tm 30,06h c 59.3 + 4.4 58.5 45.7 53.5 44.9 45.9 25.9
162y 18,87m c 427 + 4.6 304 30.8 47.7 46.3 28.1 14.4
161Tm 33m c* 427+ 74 41.8 34.2 49.1 49.4 26.6 31.6
161y 3,21h c 48.0 &+ 4.3 50.9 34.8 46.7 43.1 27.0 38.2
160Ey 28,58h c 54.6 + 4.6 46.2 36.4 47.2 42.4 25.7 34.6
159y 36m c* 56.0 + 3.9 46.3 40.5 51.1 56.1 23.5 30.5
159Ho 33,05m c 54.1 + 3.9 45.6 36.1 40.9 41.9 20.1 31.8
157Dy 8,14h c 43.6 + 3.4 39.5 29.1 35.9 38.3 16.6 26.6
156Ho 56m c 379+ 29 29.5 25.7 33.5 35.0 14.1 21.7
156 Ho 56m i 17.5 + 4.6 11.4 7.64 3.61 - 2.73 13.8
155 5,32d c 35.3 4+ 3.2 30.8 27.5 21.7 0.038 12.3 23.3
153Dy 6,4h c 21.6 £ 1.8 18.1 16.5 15.8 3.30 8.32 15.7
153Gd 240,4d c 25.5 + 2.2 22.5 20.0 16.4 3.30 9.42 -

152Dy 2,38h c 18.5 £ 1.2 13.1 16.5 13.5 8.10 7.53 12.2
M8 Ey 54,5d i 1.39 £ 0.29 1.28 1.52 0.158 - 0.333 0.991
HTEy 24,1d c 185 + 1.5 7.42 13.5 11.6 27.8 5.69 10.7
16Gd 48,27d c 15.0 + 1.0 5.64 10.5 11.8 22.0 5.78 7.70
M5Ey 5,93d c 10.9 + 0.8 4.47 10.3 7.72 20.1 4.18 8.81
139Ce 137,640d c 4.69 £ 0.31 0.433 4.23 1.63 4.54 1.85 5.16
127TXe 36,4d c 0.710 £ 0.117 - 0.410 0.034 - 0.386 1.18
887r 83,4d c 0.341 £ 0.133 - 0.172 0.509 - 0.068 1.52
88Y 106,65d i(m+g) 0.441 4+ 0.095 - 0.133 0.848 - 0.020 0.556
8TY 79,8h c* 0.664 + 0.063 - 0.303 1.01 - 0.082 1.45
84Rb 32,77d i(m+g) 0.496 % 0.050 - 0.181 1.70 - 0.007 0.354
83Rb 86,2d c 0.756 + 0.078 - 0.315 2.45 - 0.078 1.49
™ As 17,77d i 0.453 4+ 0.054 - 0.143 0.757 - 0.024 0.381
Fe 44,472d c 0.287 4+ 0.034 - 0.095 0.034 - 0.010 0.154
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Fig. 44: Detailed comparison between experimental and simulated yields of radioactive reaction
products in *¥*W irradiated with 0.8 GeV protons. The cumulative yields are labeled -¢c when the
respective independent yields are also shown.

184

Mass vyields in

W irradiated with 0.8GeV protons

I I I I
1021 B EXPERIMENT
0 CEM95
I A LAHET
i 0 INUCL
- & HETC
o
£ ol O YIELDX
o [ O % CASCADE
q_) L
'>__ L
g i
[7)]
S
s I
L © ©
@ o &
o) 9 : o
S Std P 6 OO B .
i gpﬁk ** OR000 L v & ]
& o s . M 4o ]
Q e O
L e @) 72? []{b[] ]
, eyes A 4 # 5
| | @\ | \‘J\;{‘r\ \/\#A\m\ | é\ \&\M\Jéz\ | | \.@\fﬁﬁ\ | | | | | | |
0 20 40 60 80 100 120 140 160 180
Product mass number
Fig. 45: The simulated mass distributions of reaction products together with the measured

cumulative and supra-cumulative yields in '*W irradiated with 0.8 GeV protons.

163



Statistics of sim-to-exp ratios for 0.8GeV proton-irradiated 184w
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Fig. 46: Statistics of the simulation-to-experiment ratios (criterion 2) for W irradiated with 0.8
GeV protons.
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Table 73: Experimental and calculated yields from **W irradiated with 1.6 GeV protons.

Product Ty/2 Type Exp yield Calculated Yields [mbarn| via
[mbarn] CEM95 LAHET CASCADE HETC INUCL YIELDX

183 Re 70,0d i(m+g) 3.14 + 0.71 0.532 3.50 1.65 3.23 0.213 1.13
181Re 19,9h i 4.84 + 0.79 1.16 3.80 1.77 4.12 1.10 1.75
ALY 135m c 150 £ 1.9 11.6 13.9 12.8 16.4 14.1 26.0
184, 8,7h c 0.763 £ 0.097  0.051 1.38 - 0.212 - 0.477
183 5,1d c 19.4 + 1.6 39.1 46.7 49.9 50.2 41.1 10.9
182 114,43d c 16.7 + 1.4 17.3 17.2 27.4 20.0 35.6 13.7
176 8,09h c 33.9 £ 3.7 20.1 22.3 23.1 24.6 31.2 40.0
174 T, 1,14h c 29.3 £+ 3.6 16.1 18.1 20.7 22.2 27.9 37.3
174 T, 1,14h i 22.0 £ 4.1 9.20 9.56 9.08 9.29 16.1 16.8
181 f 42,39d c 1.18 £ 0.10 2.55 2.57 5.60 3.36 3.26 0.335
L5 Hf 70d c 38.0 £ 3.3 24.9 25.4 27.4 27.2 41.7 55.7
LTS Hf 23,6h c 36.6 £ 3.2 23.2 22.4 26.6 25.9 40.4 -
LT3 Hf 23,6h i 8.68 £ 2.34 9.61 5.46 7.05 4.74 13.8 14.7
121t 1,87y c 284 + 2.8 21.9 21.6 28.7 25.4 41.3 73.0
1TIHf 12,1h c 27.5 £ 2.8 19.8 19.4 27.1 25.2 37.6 37.9
2Ly 6,70d  i(ml+m2+g)  4.46 + 0.38 4.32 3.47 2.23 1.41 6.19 3.52
MLy 8,24d i(m+g) 8.69 + 1.75 5.24 5.11 3.91 1.49 8.40 5.14
0Ly 2,012d c 32,9 £ 28 22.5 21.6 30.0 24.4 43.9 -
10y 2,012d i(m+g) 9.60 = 2.06 6.76 5.01 3.85 1.95 8.60 5.54
169y, 32,026d c 34.0 £ 2.7 27.2 23.4 31.2 25.8 46.0 22.8
162y 18,87m c 25.1 £ 6.0 15.2 14.4 29.7 27.5 28.1 16.2
168Tm 93,1d i 0.900 £ 0.112 1.36 0.543 0.572 0.077  0.912 0.891
167Tm 9,25d c 37.1 £5.1 27.9 21.2 30.7 23.5 42.7 24.7
166Tm 7,70h c 342 £ 3.4 27.4 24.5 35.4 26.1 45.7 27.0
166y 7,70h i 1.53 £ 0.38 2.83 1.36 1.21 0.164 1.78 2.95
165Tm 30,06h c 33.9 + 3.0 27.4 21.7 32.0 26.0 40.5 27.6
161 gy 3,21h c 28.2 + 3.0 27.1 17.4 32.0 25.8 31.6 41.0
160y 28,58h c 344 + 34 25.9 18.9 33.5 25.5 32.1 36.7
159y 36m c* 35.7+ 5.4 29.5 20.6 37.2 34.4 30.9 32.1
156Ho 56m c 23.24+ 28 22.9 16.4 29.7 22.5 23.1 22.4
17Dy 8,14h c 33.0 £ 3.0 30.0 17.5 30.9 24.0 25.8 27.7
153Dy 6,4h c 25.0 £ 2.3 21.1 11.6 18.3 2.43 16.3 16.2
152Dy 2,38h c 20.8 £ 1.7 18.9 12.4 18.3 6.13 15.8 -
155 5,32d c 31.8 £ 2.7 27.2 17.8 22.7 0.231 21.9 24.2
153G 240.,4d c 27.6 £ 2.7 26.8 14.8 19.7 2.43 19.1 20.9
151Gd 124d c 21.6 £ 2.4 26.9 15.4 24.7 18.0 18.5 16.3
146Gd 48,27d c 25.1 + 2.0 25.7 12.3 30.6 26.5 17.5 8.57
MTEy 24,1d c 28.6 £ 2.5 29.0 15.3 28.0 26.9 16.1 11.3
16 Ey 4,61d i 10.1 + 1.8 6.62 4.91 1.43 - 2.62 3.41
145y 5,93d c 22.7+ 1.9 28.8 14.8 26.1 26.7 15.0 9.99
144pm 363d i 0.612 £ 0.177 1.27 1.24 0.137 - 0.456 1.48
143pm 265d c 23.5 £ 2.4 30.3 16.6 24.2 26.4 13.9 13.0
13TNd 38,5m c 28.4 + 34 17.4 9.20 15.5 25.2 7.29 2.52
136Nd 50,65m c 152+ 1.5 12.4 10.0 14.4 22.9 5.97 1.58
139Ce 137,640d c 22.1 £ 1.8 26.4 17.8 19.5 24.7 10.4 6.59
135Ce 17,7h c 181+ 1.4 20.1 13.5 15.1 23.0 7.92 4.75
134Ce 3.16d c 15.0 + 1.4 18.2 15.1 15.2 19.4 7.54 4.51
132Ce 3,51h c 14.5 + 1.2 11.7 13.6 11.0 21.5 5.32 -
133Ba 3848,9d c 16.6 + 1.8 17.8 13.8 12.5 20.3 6.96 4.42
131Ba 11,50d c 143+ 1.1 14.6 16.7 10.8 19.4 6.00 3.86
128By 2,43d c 11.6 £ 1.1 8.50 16.3 7.55 16.0 3.86 3.34
129Cg 32,06h c 144+ 1.4 12.8 16.9 9.05 21.2 5.28 3.70
127X e 36,4d c 10.8 £ 0.9 8.98 17.3 6.89 17.8 3.95 2.77
125X e 16,9h c 9.15 £+ 0.76 6.97 15.2 5.47 16.0 3.07 1.78
123Xe 2,08h c 9.73 £ 0.84 4.65 9.26 3.82 12.3 1.82 2.99
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Table 73, cont’d.

Product T2 Type Exp yield Calculated Yields [mbarn| via
[mbarn] CEM95 LAHET CASCADE HETC INUCL YIELDX
057¢ 41,29d c 1.46 £+ 0.15 0.009 7.30 0.309 0.250  0.192 1.63
9ONb 14,60h 0.841 + 0.146 — 0.938 0.177 — 0.051 1.31
887r 83,4d c 1.03 £ 0.10 - 1.47 0.823 - 0.185 10.7
88y 106,65d  i(m-+g) 0.804 + 0.286 - 0.700 0.657 - 0.031 2.91
81Rb 32,77d  i(m+g) 0.758 £ 0.087 - 0.362 1.42 - 0.021 1.53
8Rb 86,2d c 1.51 £ 0.18 — 0.947 2.45 — 0.223 10.1
TAs 17,77d i 0.796 £ 0.090 — 0.230 1.09 — 0.034 2.40
Fe 44,472d c 0.502 £ 0.062 - 0.066 0.206 — 0.003 0.901
54Mn 312,11d i 0.859 £ 0.100 - 0.321 0.263 - 0.045 2.95
18y 15,9735d c 0.209 £ 0.042 - 0.165 0.017 - 0.010 0.774
148G 43,67h i 0.511 £ 0.048 — 0.074 0.120 — 0.003 0.453
Mg 20,915h c 0.444 + 0.042 - — 0.029 — — 0.342
24Na 14,9590h c 1.90 £ 0.16 — 0.107 0.029 — — 1.01
"Be 53,29d i 4.27 + 0.46 - - - - - 1.50
Products in ***W irradiated with 1.6eV protons
E B EXPERIMENT 2 HETC<F>=3.01
or /A  LAHET<F>=2.08 O INUCL<F>=2.50
10 “ ¢ [J CEM95<F>=1.81 Yt CASCADE<F>=1.93 3
X  YIELDX<F>=2.61 3

&
o *

g ;
= 10 ¢ * KRk -—
o L R A X :
| 8] 1 A ~u : : E
<) E = . : i : 3
» F o v o ‘ : ‘
() 11 AT Y Lo i :
o 10 L : A X 3 E
o E )} {k TS0 0;' v : P :
T S ; L
10 F o 8 o 0% o 2 9 > 52®» g QL s N 8 ®C QY T T QX EE D DT 3 T
E mz s 48 =- rxrs NZ & X X XmoO0OmOoOao Z ZO0 g fmmo oo
C ~ <4 &S ~ < ) < © ® 1<) 9 ] [re] N © =) ~ N V) < O & N ) o %) © © ~ a
af 49 ] 8 3 88 8§85 888883 g8 & & g3 3 8 30
10 i i B : B .

—
Qo
£
=
c = i T
9 F ‘s : N
= : k- :
2 107L - i 5
3 3 & P
e F ‘
@) 2r
10 £ o o - e = g o = - o ©
A3 AL 2RI I IS EEEEESAIITITIELSBILSEEILEL G o
af B8 8 8 85328 8g¢ g5 5585558858588 588 3§ ]
10 = :

Fig. 47: Detailed comparison between experimental and simulated yields of radioactive reaction
products in *¥*W irradiated with 1.6 GeV protons. The cumulative yields are labeled -¢ when the
respective independent yields are also shown.
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184

Mass yields in "W irradiated with 1.6GeV protons
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Fig. 48: The simulated mass distributions of reaction products together with the measured
cumulative and supra-cumulative yields in ¥*W irradiated with 1.6 GeV protons.
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Statistics of sim-to-exp ratios for 1.6GeV proton-irradiated 184w
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Table 74: Experimental and calculated yields from *W irradiated with 0.2 GeV protons.

Product Ty/2 Type Exp yield Calculated Yields [mbarn] via
[mbarn] CEMY95 LAHET CASCADE HETC INUCL YIELDX
18Re 70,0d i(m+g) 26.5 + 2.1 22.3 28.8 34.5 25.4 29.0 27.2
182Re 64,0h i 12.0 + 1.0 20.0 15.2 24.0 18.3 24.8 33.4
181 Re 19,9h i 28.8 +£ 3.8 21.9 29.8 36.1 27.8 28.6 36.2
179Re 19,5m i 20.5 £ 4.0 21.0 30.5 32.7 30.2 24.8 36.0
ALY 21,6d c 76.4 + 9.2 82.5 90.6 92.2 71.9 78.7 87.3
ALY 135m c 66.8 + 7.8 72.6 77.3 83.1 77.3 62.2 71.5
176\ 2,5h c 62.8 +£ 9.7 61.3 75.7 91.2 80.0 58.1 54.4
ALY 31m c 50.2 &+ 6.0 24.4 48.6 76.7 81.6 32.7 13.7
183 g 5,1d c 16.1 £ 1.3 20.3 18.0 10.9 8.64 41.0 44.2
176 8,09h c 106. £ 9. 105. 103. 110. 88.3 76.9 76.7
176y, 8,09h i(m+g) 39.0 + 6.4 43.8 28.1 19.1 9.74 19.3 22.9
1747y 1,14h i 24.2 + 4.1 27.8 28.6 17.8 8.68 11.6 18.9
172q 36,8m c* 284 + 3.4 12.2 42.2 68.2 124. 22.6 4.18
AN ) 23.3m c* 3.63 £+ 0.61 2.99 23.8 33.8 133. 114 1.30
15 Hf 70d c 103. + 8. 105. 95.7 103. 89.6 60.7 74.8
1T3Hf 23,6h c 71.9 + 5.3 46.5 66.7 78.2 93.6 31.6 27.9
172Hf 1,87y c 44.3 + 3.3 24.7 47.0 65.5 104. 22.9 14.0
1TIHf 12,1h c 26.3 + 2.9 9.94 30.9 38.2 124. 14.0 7.36
1121y 6,70d  i(ml+m2+g) 2.134+0.16  4.31 2.67 0.282 - 0.205 1.56
MLy 8,24d i(m+g) 973+ 223  3.09 3.67 0.707 - 0.273 1.45
170y 2,012d c 22.5 + 1.8 5.03 20.1 21.9 96.2 8.90 5.36
169yh 32,026d c 153+ 1.1 2.58 15.3 10.7 36.8 5.80 4.14
166y 7,70h c 219 £0.37  0.059 2.58 1.19 - 1.61 1.79
165y 30,06h c 1.58 £ 0.16  0.036 1.24 0.480 - 1.01 1.87
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Fig. 50: Detailed comparison between experimental and simulated yields of radioactive reaction
products in **SW irradiated with 0.2 GeV protons. The cumulative yields are labeled -¢c when the
respective independent yields are also shown.
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Statistics of sim-to-exp ratios for 0.2GeV proton-irradiated *°w
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Fig. 51: Statistics of the simulation-to-experiment ratios (criterion 2) for W irradiated with 0.2
GeV protons.
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Table 75: Experimental and calculated yields from *W irradiated with 0.8 GeV protons.

Product Ty/2 Type Exp yield Calculated Yields [mbarn] via
[mbarn] CEM95 LAHET CASCADE HETC INUCL YIELDX

18T 8,7h c 151+ 1.0 18.4 21.0 29.4 18.7 35.7 17.3
183Re 70,0d i(m+g) 10.5 + 1.7 4.78 8.00 5.93 5.16 4.18 4.51
183 g 5,1d c 20.5 £ 1.6 17.3 20.8 19.5 17.1 31.9 18.6
181 Re 19,9h i 748 £1.18 441 7.58 6.06 5.41 4.60 6.03
181 f 42,39d c 3.17 £ 0.41 437 4.24 3.44 3.18 8.63 1.14
1w 135m c 159+ 1.8 18.3 21.8 20.7 23.5 21.5 34.5
176 8,09h c 40.0 &+ 4.3 33.4 39.7 37.9 34.8 46.2 47.8
15 Hf 70d c 53.0 & 4.0 46.6 49.6 46.6 39.5 64.3 70.3
174 Ty, 1,14h c 4314+ 48 27.4 35.0 36.0 34.8 41.7 39.6
1T4mg 1,14h i 412 £5.1 15.8 19.3 15.1 12.9 24.1 25.6
LTS Hf 23,6h c 51.5 + 3.8 42.9 46.2 48.0 41.2 61.5 38.2
LTS Hf 23,6h i 11.7+ 2.4 20.0 11.4 13.1 6.06 22.7 15.5
1721t 1,87y c 49.9 + 8.4 41.0 42.3 51.7 40.7 62.2 23.4
121y 6,70d  i(ml+m2+g) 7.80 £0.60  10.0 8.57 4.05 1.70 8.63 4.68
1TIHf 12,1h c 28.6 &+ 3.2 37.8 40.3 47.9 41.6 54.6 13.5
MLy 8,24d i(m+g) 29.2 £+ 3.1 12.9 12.2 6.37 1.94 11.1 6.24
110y 2,012d c 50.9 + 4.4 47.1 45.6 54.7 41.7 59.3 17.2
0Ly 2,012d i(m+g) 17.0 £ 5.0 14.9 13.2 6.26 1.96 10.6 6.22
169y, 32,026d c 58.5 £+ 4.0 55.8 49.0 55.2 44.7 58.2 20.6
167 9,25d c 582 + 11.8 59.7 41.6 51.8 39.9 48.2 21.7
166Tm 7,70h c 55.6 + 3.8 56.6 48.5 58.7 45.5 46.5 24.0
166Tm 7,70h i 6.67 £ 0.60  8.30 3.07 1.25 0.096 1.51 3.79
165Tm 30,06h c 53.5 £ 4.0 55.7 42.2 53.0 44.6 38.1 27.2
162y 18,87m c 31.7+£48 23.3 23.9 42.9 46.2 20.6 9.37
161Tm 33m c* 38.7 + 6.8 33.0 27.7 45.0 48.6 20.0 19.9
161y 3,21h c 44.8 + 4.1 44.5 30.9 44.0 42.4 22.0 30.1
160y 28,58h c 44.3 + 3.7 38.0 32.8 44.2 43.0 20.7 30.5
159y 36m c* 45.8 + 3.2 36.8 32.8 46.2 55.7 17.9 22.6
159Ho 33,05m c 459+ 3.5 39.3 31.7 37.8 41.5 16.4 27.5
17Dy 8,14h c 36.3+ 2.9 33.2 27.1 30.9 37.4 13.4 24.0
156Ho 56m c 29.2 4+ 2.5 21.5 21.2 28.0 33.7 11.1 14.7
155 5,32d c 29.8 + 2.7 24.3 24.3 20.3 0.048 10.1 19.4
153Dy 6,4h c 149+ 1.4 12.9 13.2 13.5 3.12 6.36 9.94
153Gd 240,4d c 21.8 £ 2.6 17.6 17.4 14.2 3.12 7.70 -
152Dy 2,38h c 13.6 £ 0.9 9.19 13.0 11.3 7.50 5.89 6.95
TRy 24,1d c 131+ 1.3 4.55 10.6 8.66 22.6 4.32 8.46
16Gd 48,27d c 10.7 £ 0.8 3.14 7.09 8.35 17.5 3.94 4.27
M5Ey 5,93d c 8.64 +£ 0.83  2.18 7.59 4.89 16.6 3.08 7.25
139Ce 137,640d c 3.55 +£0.49  0.145 3.31 0.849 2.73 1.35 4.05
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Products in ***W irradiated with 0.8GeV protons
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Fig. 52: Detailed comparison between experimental and simulated yields of radioactive reaction
products in *¥W irradiated with 0.8 GeV protons. The cumulative yields are labeled -¢c when the
respective independent yields are also shown.
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Statistics of sim-to-exp ratios for 0.8GeV proton-irradiated **°w
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Table 76: Experimental and calculated yields from *W irradiated with 1.6 GeV protons.

Product Ty/2 Type Exp yield Calculated Yields [mbarn| via
[mbarn] CEM95 LAHET CASCADE HETC INUCL YIELDX

183 Re 70,0d i(m+g) 3.70 £ 0.64 0.942 3.36 1.47 3.78 1.04 1.84
181Re 19,9h i 4.40 £+ 0.72 1.16 3.03 1.89 3.26 1.56 2.45
ALY 135m c 11.8 + 1.4 8.87 9.81 11.7 14.6 11.6 28.1
184y 8,7h c 155+ 1.3 16.5 17.5 25.9 19.9 35.4 12.8
183 Ty, 5,1d c 20.2 + 1.7 15.3 15.5 17.5 16.4 29.5 13.8
182y, 114,43d c 171+ 1.4 13.6 13.1 12.2 14.0 25.9 14.6
176 8,09h c 31.2+ 29 16.4 18.5 20.6 22.2 28.4 41.4
174 T, 1,14h c 28.6 &+ 3.6 12.3 15.2 19.1 20.4 24.5 59.1
174 Ty, 1,14h i 28.0 £ 4.8 7.75 8.45 9.03 8.34 15.0 38.8
181 f 42,39d c 3.01 £0.24 3.74 3.68 3.22 3.35 6.95 0.967
175Hf 70d c 36.0 + 3.1 23.5 23.5 27.0 25.8 40.3 99.8
1T3Hf 23,6h c 343+ 2.9 20.0 20.8 26.6 24.3 37.7 -
LT3 Hf 23,6h i 14.6 & 2.7 9.83 5.78 8.39 4.64 15.9 13.6
12 Hf 1,87y c 281+ 24 18.9 19.5 29.0 24.3 38.6 24.3
1TIHf 12,1h c 25.3 £ 2.6 17.8 16.9 25.6 25.6 34.1 13.3
172y 6,70d  i(ml+m2+g)  5.97 £ 0.49 5.80 4.66 3.03 1.92 7.64 4.71
MLy 8,24d i(m+g) 105 £ 1.9 6.53 6.54 4.91 1.94 10.1 6.38
170y 2,012d c 322+ 2.7 20.2 20.9 29.6 23.8 41.6 -
170y 2,012d i(m+g) 141+19 6.66 6.43 4.39 2.10 9.58 6.38
169y, 32,026d c 34.0 £ 2.7 26.4 22.1 31.1 25.4 439 21.0
162y 18,87m c 223+ 2.8 13.0 11.6 27.6 26.4 23.3 10.1
168 Ty 93,1d i 1.42 + 0.18 2.44 0.828 0.818 0.194 1.41 1.39
167Tm 9,25d c 371+ 5.1 27.6 20.5 31.4 23.7 41.8 24.1
166y 7,70h c 34.8 £ 35 26.6 23.4 35.7 25.7 43.5 27.0
166y 7,70h i 2.94 + 0.46 4.08 1.90 1.51 0.261 2.70 4.32
165Tm 30,06h c 34.6 £+ 3.0 26.2 20.5 32.4 25.6 38.0 30.2
161y 3,21h c 31.1+ 3.2 25.9 16.6 31.2 24.9 28.6 31.9
160y 28,58h c 34.7+ 34 25.0 17.7 33.5 24.4 29.0 32.0
L59Ey 36m c* 344+ 5.1 26.5 19.1 36.7 34.0 27.2 23.6
156Ho 56m c 35.0 £ 3.4 22.0 15.1 29.3 22.2 19.6 15.4
17Dy 8,14h c 345 + 3.1 30.9 17.7 30.2 23.4 24.2 24.9
153Dy 6,4h c 24.8 + 2.6 20.1 114 20.1 2.55 15.3 10.5
152Dy 2,38h c 20.0 + 1.6 17.3 11.2 18.5 6.15 14.7 -
155Th 5,32d c 31.7+ 2.6 29.2 17.5 23.9 0.300 21.3 20.2
153Gd 240,4d c 28.1 £+ 2.6 27.7 15.6 22.0 2.55 18.9 17.0
151Gd 124d c 24.5 + 2.3 27.3 14.7 24.4 18.2 17.1 14.3
146Gq 48.27d c 233+ 1.9 21.8 11.0 29.6 26.3 14.6 4.93
MTEy 24,1d c 29.0 + 2.6 28.3 15.4 26.8 26.3 14.8 9.28
H46Fy 4,61d i 107 £ 1.1 8.01 5.24 1.75 - 2.82 4.31
HM5Ey 5,93d c 215+ 1.8 27.1 13.2 24.9 27.3 12.0 8.56
144pm 363d i 0.899 £ 0.090  1.78 1.57 0.167 - 0.533 2.05
143Pm 265d c 23.0 + 2.3 29.8 16.6 23.9 27.3 12.2 11.6
13TNd 38,5m c 25.8 + 2.6 13.9 9.28 13.7 25.6 5.70 1.43
136Nd 50,65m c 12.7 £ 1.3 9.84 9.72 12.0 22.9 4.74 0.786
139Ce 137,640d c 214+ 1.7 24.8 17.9 17.9 24.2 9.34 5.61
135Ce 17,7h c 16.8 + 1.4 17.6 13.6 13.3 21.9 6.63 4.32
134 Ce 3.16d c 143+ 14 14.9 15.1 12.8 19.1 6.08 4.15
132(Ce 3,51h c 12,5 £ 1.0 9.15 12.5 9.69 20.9 3.93 -
133Ba 3848,9d c 135+ 1.5 15.4 13.9 10.7 19.5 5.57 4.17
131Bg 11,50d c 134+ 1.1 12.3 16.2 9.03 18.5 4.60 3.54
12834 2,43d c 9.99 £+ 0.95 6.80 16.4 6.08 14.7 3.01 3.13
129Cg 32,06h c 129+ 1.3 10.6 17.1 7.44 19.8 4.16 3.08
127TXe 36,4d c 9.83 £+ 0.81 8.05 17.8 6.10 16.6 3.15 2.11
125X e 16,9h c 8.25 + 0.67 6.04 14.1 4.50 14.9 2.35 1.83
123Xe 2,08h c 8.47 £ 0.71 3.32 8.61 2.69 10.9 1.40 2.65
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Table 76, cont’d.

Product T2 Type Exp yield Calculated Yields [mbarn| via
[mbarn] CEM95 LAHET CASCADE HETC INUCL YIELDX
057¢ 41,29d c 1.12 £ 0.11 - 6.49 0.213 0.117  0.176 1.44
9ONb 14,60h 0.689 + 0.124 - 0.621 0.109 — 0.079 0.917
887y 83,4d c 0.887 £ 0.079 - 1.28 0.582 - 0.118 8.89
88y 106,65d  i(m+g) 0.651 £ 0.075 - 0.563 0.570 - 0.017 4.09
84Rb 32,77d  i(m+g) 0.679 £ 0.068 - 0.224 1.05 - 0.010 2.12
8Rb 86,2d c 1.60 + 0.28 — 0.870 2.04 — 0.138 10.0
5Se 119,779d c 1.38 + 0.25 — 0.588 1.95 — 0.145 7.48
TAs 17,77d i 0.732 £ 0.080 — 0.182 0.898 — 0.031 3.11
Fe 44.472d c 0.657 & 0.064 - 0.124 0.207 - 0.010 1.14
54Mn 312,11d i 0.792 £ 0.110 - 0.315 0.265 - 0.028 2.98
8By 15,9735d c 0.183 £ 0.023 - 0.099 0.012 — 0.025 0.622
148G 43,67h i 0.469 + 0.061 - 0.075 0.109 — 0.003 0.549
Mg 20,915h c 0.406 + 0.059 — — 0.012 — - 0.412
24Na 14,9590h c 1.79 £ 0.15 - 0.075 0.012 - - 1.14
22Na 2,6019y c 1.36 £ 0.18 - 0.050 - - - 0.617
"Be 53,29d i 4.16 £ 0.59 - - - - - 1.46
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Mass yields in "W irradiated with 1.6GeV protons
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Fig. 56: The simulated mass distributions of reaction products together with the measured
cumulative and supra-cumulative yields in *W irradiated with 1.6 GeV protons.
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Table 77: Experimental and calculated yields from "*W irradiated with 2.6 GeV protons.

Product Ti/2 Type Exp yield Calculated Yields [mbarn| via
[mbarn| CEM95 CEM2k LAHET CASCADE HETC INUCL YIELDX

T8TRe 19,9h i 3.51 £ 0.58 0.632 1.01 2.96 1.54 3.10 0.754 1.43
BN 135m c 13.0 + 1.6 6.64 7.73 11.2 7.97 13.6 10.4 23.6
176y 2,5h c 7.86 + 2.51 6.67 6.94 11.0 8.79 13.2 10.9 22.3
184y, 8,7h c 4.39 + 0.44 4.17 1.29 5.07 7.11 1.12 8.27 3.74
183y, 5,1d c 10.4 + 1.0 16.1 7.07 17.4 18.1 44.0 20.5 7.35
176y, 8,09h c 29.3 £ 3.4 13.8 13.5 19.3 15.2 20.5 24.4 38.0
174y, 1,14h c 25.5 + 2.8 10.5 11.6 15.1 14.4 17.7 19.7 36.6
181 f 42.39d C 1.24 £ 0.12 1.92 0.272 1.83 3.57 2.34 2.35 0.398
175 f 70d c 33.0 &+ 3.0 18.1 16.6 21.5 19.0 22.8 32.5 54.6
173 gf 23,6h c 29.5 + 2.5 16.3 15.8 18.1 18.8 21.1 30.1 53.8
173t 23,6h i 5.52 £ 2.43 6.63 5.24 4.13 5.26 3.70 11.5 15.9
1721f 1,87y c 21.7 £ 2.1 15.2 13.6 17.3 21.0 21.3 31.9 51.5
gt 12,1h c 19.4 + 2.4 13.9 13.2 14.9 20.1 19.6 27.7 39.3
1721y 6,70d i(ml4+m2+g) 3.68 £ 0.50 3.00 2.10 3.09 1.66 1.01 4.59 3.47
1Ty 8,24d i(m+g) 10.7 &+ 2.0 4.42 2.56 3.93 3.17 1.63 7.20 5.13
1701, 2,012d c 24.5 + 2.2 17.8 15.0 17.8 23.3 19.8 34.7 28.5
169yh 32,026d c 27.4 £ 2.5 18.9 15.5 17.9 23.8 21.1 35.5 26.0
162y 18,87m c 18.6 + 3.3 9.37 10.2 10.9 21.0 19.3 23.6 15.2
167Tm 9,25d c 28.9 + 6.0 20.1 15.3 16.2 24.0 18.1 34.2 25.1
166Tm 7,70h c 26.9 £ 2.4 19.3 16.0 18.6 26.7 20.1 36.5 27.7
166y 7,70h i 2.34 + 0.45 2.20 1.24 1.06 1.13 0.150 1.59 2.37
165Tm 30,06h c 26.8 + 2.5 18.9 14.7 16.1 24.0 17.8 33.4 27.4
161y 3,21h c 24.0 + 2.5 17.3 14.4 11.8 23.5 18.9 25.1 36.2
160y 28,58h c 23.6 + 2.2 16.6 14.1 14.4 25.1 18.7 26.8 34.8
159 Fy 36m c* 25.0 + 3.8 18.0 15.6 13.9 27.5 24.2 28.7 30.6
156 o 56m c 194 + 1.8 14.1 134 11.7 22.2 16.2 21.6 22.8
157Dy 8,14h c 23.9 + 2.3 18.6 13.9 12.8 22.2 17.5 23.1 28.4
153Dy 6,4h c 13.9 + 1.9 11.9 9.56 7.96 13.3 1.93 15.9 17.5
152Dy 2,38h c 15.4 + 1.3 11.4 8.96 8.37 12.9 4.10 16.5 15.3
1557 5,32d c 22.4 + 1.9 16.3 11.2 11.4 16.5 0.366 19.8 26.1
153Gd 240,4d c 26.7 + 2.6 15.5 11.1 9.76 15.0 1.93 19.2 22.8
151Gd 124d c 18.8 + 2.2 16.7 12.0 11.0 17.9 13.5 19.7 19.1
146 Gd 48,27d c 18.6 + 1.6 16.9 14.6 8.46 24.6 18.5 19.3 12.0
7Ry 24,1d c 22.2 + 2.0 19.3 14.0 10.9 22.7 17.6 18.3 14.3
146Fy 4,61d i 3.60 £ 0.32 3.99 1.92 3.29 1.25 - 2.93 4.51
145 Fy 5,93d c 17.6 + 1.6 19.5 15.1 9.75 21.1 17.8 17.5 13.7
143pm 265d c 20.1 + 2.2 21.2 14.8 10.8 21.8 17.3 18.4 18.6
139Ce 137,640d c 19.6 + 1.7 22.3 14.8 12.6 20.8 17.8 16.0 10.6
135 e 17,7h c 17.6 + 1.5 20.4 14.0 8.92 18.5 17.4 14.6 7.74
134Ce 3,16d c 17.7 + 1.8 19.6 14.1 9.76 20.5 16.0 13.3 8.01
132Ce 3,51h c 16.1 + 2.7 15.0 13.0 9.68 17.1 17.3 10.8 7.48
133Ba 3848,9d c 18.2 + 4.1 21.6 14.1 9.79 18.2 16.4 13.2 7.97
1318 11,50d c 16.0 + 1.3 20.5 14.1 10.9 17.6 16.1 13.0 7.31
128B, 2,43d c 154 + 1.5 16.5 13.5 11.3 16.0 15.8 9.73 6.58
1265, 100m c 7.86 + 1.12 10.8 11.6 1.52 10.4 0.043 5.95 4.07
1295 32,06h c 18.6 + 1.7 20.8 14.1 10.6 15.4 19.4 11.9 6.72
127Xe 36,4d c 15.2 + 1.3 19.8 13.6 12.0 16.0 18.5 11.4 5.35
125X e 16,9h c 14.1 + 1.2 19.0 13.1 10.9 13.9 18.2 8.98 3.64
123%e 2,08h c 15.5 + 1.3 15.4 12.3 6.61 10.8 18.2 6.24 5.64
122Xe 20,1h c 11.6 £+ 1.0 13.0 11.5 3.58 11.1 14.1 5.57 6.00
H7Te 62m c 8.71 + 0.79 10.1 9.42 7.40 8.18 14.2 3.57 2.29
115gh 32,1m c* 9.74 + 0.89 10.8 11.6 10.6 6.41 16.7 3.03 3.15
ity 2,8047d c 7.33 + 0.63 10.0 9.22 9.98 8.19 14.7 3.09 3.02
1091 4,2h c 5.06 + 0.44 7.06 7.77 5.55 5.04 13.8 1.64 2.27
105Ag 41,29d c 5.27 + 0.69 5.73 6.95 10.1 4.29 11.9 0.994 2.90
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Table 77, cont’d.

Product Ti/2 Type Exp yield Calculated Yields [mbarn| via
[mbarn| CEM95 CEM2k LAHET CASCADE HETC INUCL YIELDX
T00pq 3,63d c 1.18 £ 0.26 1.21 3.40 3.15 2.14 8.73 0.240 0.754
97Ru 2,791d c 3.08 £ 0.30 2.15 4.09 8.21 2.09 7.83 0.257 2.14
9ONb 14,60h c 2.55 + 0.23 0.748 2.23 5.00 0.497 3.33 0.103 4.28
887y 83,4d c 2.53 £ 0.27 0.351 1.41 9.45 1.49 2.28 0.103 14.0
88y 106,65d  i(m+g) 1.54 £ 0.22 0.213 0.812 3.98 0.651 - - 2.64
833y 32,41h c 1.94 + 0.92 0.122 0.650 6.47 0.960 0.645 0.240 9.18
84Rb 32,77d  i(m+g)  1.29 £0.14 - 0.211 2.00 0.806 - - 1.38
83Rb 86,2d c 3.30 £ 0.58 0.213 0.941 11.5 2.33 0.645 0.257 13.0
TTKr 74,4m c 1.69 + 0.18 - 0.145 2.51 0.326 0.172 0.189 2.56
753e 119,779d c 2.35 + 0.22 0.057 0.247 6.03 2.47 0.022 0.240 10.9
74 As 17,77d i 1.37 £ 0.16 - 0.044 1.87 1.08 - 0.017 2.34
59Fe 44,472d c 0.845 + 0.103 - - 0.033 0.326 - - 0.842
54Mn 312,11d i 2.48 + 0.41 - 0.004 0.661 0.446 - 0.034 5.61
51Cr 27,7025d c 4.48 + 1.34 - - 0.264 0.840 - 0.103 3.92
a8y 15,9735d c 0.551 + 0.060 - - 0.066 0.051 - 0.034 1.48
48g¢ 43,67h i 0.660 + 0.088 - - 0.066 0.086 - - 0.442
3K 22,3h c 0.673 + 0.081 - - 0.033 0.326 - - 0.982
28Mg 20,915h c 0.899 + 0.087 - - - 0.017 - - 0.622
24Na 14,9590h c 4.04 £+ 0.34 - - 0.099 0.069 - - 1.92
"Be 53,29d i 8.61 + 1.01 - - - - - - 3.45
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Fig. 58: Detailed comparison between experimental and simulated yields of radioactive reaction
products in "W irradiated with 2.6 GeV protons. The cumulative yields are labeled -¢ when the
respective independent yields are also shown.
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Mass yields in "W irradiated with 2.6GeV protons
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Fig. 59: The simulated mass distributions of reaction products together with the measured
cumulative and supra-cumulative yields in "®W irradiated with 2.6 GeV protons.
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Statistics of sim-to-exp ratios for 2.6GeV proton-irradiated "W
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Fig. 60: Statistics of the simulation-to-experiment ratios (criterion 2) for "W irradiated with 2.6

GeV protons.

181



Table 78: Experimental and calculated yields from 2*2Th irradiated with 0.1 GeV protons.

Product Ty/2 Type Exp yield Calculated Yields [mbarn] via
[mbarn]  LAHET CASCADE CASCADO-IPPE INUCL ALICE-IPPE

2B Ac 6,15h i 198 £ 1.7 13.0 3.28 6.58 18.3 9.65
22TTh 18,72d c 51.0 £ 6.4 35.5 31.6 42.7 101. 42.3
226 Ac 29,37h i 8.29 £ 0.87 12.9 0.966 3.52 12.9 5.50
224 Ac 2,78h i 5.72 £ 0.72 6.81 0.163 0.698 6.20 1.24
143Ce 33,03%h c 148 £ 1.1 16.6 1.45 8.16 0.864 -
1427 91,1m c 16.5 + 1.3 15.2 0.864 5.15 1.00 -
141 Ce 32,501d c 24.2 + 2.6 23.8 4.39 11.4 1.42 -
14185, 18,27m c 15.6 £ 2.0 14.3 0.413 2.97 0.923 -
1407 5 1,6781d i 493 +£0.38  4.66 3.20 7.31 0.500 -
140, 12,752d c 15.5 £ 1.3 15.7 1.50 5.66 1.53 -
13984 83,06m c 20.2 £+ 3.8 22.2 3.49 9.44 2.94 -
136 (Cs 13,16d  i(m+g) 9.97 £0.81 7.23 15.2 12.3 7.97 -
135Xe 9,14h  i(m+g) 134+ 1.1 8.04 24.0 10.9 14.3 -
135] 6,57h c 10.1 £ 0.8 144 5.85 0.917 3.76 -
134 e 41,8m c 5.41 + 0.68 9.92 0.485 0.115 2.15 -
1331 20,8h c 179 £ 1.5 21.2 71.0 11.8 31.6 -
132 e 3,204d c 9.60 & 0.85 17.3 33.3 5.16 27.8 -
1317 8,02070d c 25.4 + 1.9 26.3 149. 27.0 47.8 -
12981 4,40h c 5.66 £ 0.60 13.8 45.8 6.35 21.3 -
128Gy 59,07m c 2.43 £ 0.35 10.8 9.38 1.42 11.1 -
127G 3,85d c 16.4 £ 1.5 20.1 68.4 22.3 27.6 -
12281 2,7238d i(m+g) 6.20 £ 0.48  4.93 1.28 0.956 0.827 -
H2Ao 3,130h i 11.0 £ 1.6 6.77 0.133 3.37 0.616 -
H2Ag 3,130h c 69.5 + 8.5 33.2 1.65 54.4 9.16 -
HAg 7.45d c 72.4 £ 8.0 30.2 1.06 55.0 8.97 -
107Rh 21,7m c* 66.2 +£ 7.9 34.7 1.29 62.9 9.81 -
105Ru 4,44h c 58.6 + 4.3 28.9 1.73 54.8 10.5 -
104e 18,3m c 49.9 + 4.2 23.8 2.62 54.4 12.8 -
103Ry 39,26d c 53.4 + 4.1 31.8 8.52 52.7 14.6 -
101 e 14,22m c 50.1 £ 9.8 30.5 29.4 45.0 20.3 -
99Mo 65,94h c 46.7 £ 3.5 16.1 22.7 12.8 14.1 -
97 16,744h c 36.1 + 2.6 19.9 80.2 34.4 28.0 -
96Nb 23,35h i 2.08 £+ 0.23 6.20 0.904 0.201 2.60 -
97 64,02d c 41.6 &+ 3.4 28.5 134. 36.2 32.4 -
9y 18,7m i 37.8 + 3.8 8.56 66.0 20.7 17.3 -
92y 3,54h i 19.0 £ 3.8 7.36 20.4 3.86 9.10 -
92y 3.54h c 482 + 6.7 33.5 167. 30.3 42.6 -
91Gr 9,63h c 40.5 + 3.2 26.6 145. 26.0 31.0 -
89Rb 15,15m c* 35.8 + 3.6 33.0 80.8 30.0 19.1 -
88Kr 2,84h c 26.9 £+ 2.1 21.1 26.2 15.6 8.76 -
8TKr 76,3m c 29.7 + 3.3 19.3 25.7 17.8 18.9 -
"8As 90,7m i 2.63 £ 0.78 2.28 0.512 1.84 0.251 -
BGe 88m c 423 +0.37  6.71 0.942 7.23 0.135 -
Ga 4,86h c 1.87 £ 0.16 3.02 0.184 5.56 0.038 -
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Products in **Th irradiated with 0.1GeV protons
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Fig. 61: Detailed comparison between experimental and simulated yields of radioactive reaction
products in 2*2Th irradiated with 0.1 GeV protons. The cumulative yields are labeled -¢ when the
respective independent yields are also shown.

Mass yields in 2**Th irradiated with 0.1GeV protons
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Fig. 62: The simulated mass distributions of reaction products together with the measured
cumulative and supra-cumulative yields in 232Th irradiated with 0.1 GeV protons.
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Statistics of sim-to-exp ratios for 0.1GeV proton-irradiated *Th
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Fig. 63: Statistics of the simulation-to-experiment ratios (criterion 2) for #*2Th irradiated with 0.1
GeV protons.
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Table 79: Experimental and calculated yields from 2*?Th irradiated with 0.2 GeV protons.

Product Ty/2 Type Exp yield Calculated Yields [mbarn] via
[mbarn] LAHET CASCADE INUCL ALICE-IPPE

233Pa 26,967d i 1.67 £ 0.22 - 0.527 - -
229A¢ 62,7m c 0.828 4+ 0.126 14.9 45.7 40.9 10.0
228 Ac 6,15h i 21.2 £ 2.1 12.3 21.3 28.4 8.13
22TTh 18,72d c 28.1 £ 3.5 18.8 69.8 52.8 19.4
226 A 29,37h i 17.0 £ 1.8 15.4 15.9 29.6 8.55
225 A 10,0d c 19.4 + 1.6 20.5 23.2 39.0 11.9
224 A¢ 2,78h i 17.0 £ 1.4 17.9 8.30 28.3 10.4
223Ra, 11,435d c 36.0 + 3.2 22.1 71.8 56.5 19.6
21'Rn 14,6h c 3.21 £ 0.26 2.07 0.653 1.90 1.89
210 At 8,1h c 4.82 + 0.39 1.83 0.062 0.162 0.331
209 At 5,41h c* 4.35 + 0.37 2.95 0.534 0.449 1.17
208 At 1,63h c* 1.40 £ 0.16 1.09 0.315 0.394 0.637
206Bj 6,243d c 2.78 + 0.23 0.597 0.058 0.427 1.02
204Bi 11,22h c 0.498 &+ 0.063  0.050 0.004 0.276 -
H7TNd 10,98d c 2.99 + 0.61 8.11 0.092 0.141 -
146 py 24,15m c 2.59 4+ 0.57 7.65 0.152 0.141 -
13 Ce 33,039h c 7.78 + 0.63 10.7 0.567 0.327 -
14215 91,1m c 8.15 + 0.69 10.0 0.353 0.590 -
141 Ce 32,501d c 12.3 £ 1.0 15.9 1.39 0.873 -
141Ba 18,27m c 7.65 + 1.03 9.18 0.194 0.490 -
10T 1,6781d i 2.64 + 0.27 3.26 0.978 0.245 -
140Ba 12,752d c 8.91 + 0.85 10.5 0.639 0.960 -
13984 83,06m c 11.6 £ 2.2 14.6 1.80 1.69 -
136Cs 13,16d  i(m+g)  5.08 £ 0.40 5.11 9.72 5.31 -
135Xe 9,14h  i(m+g) 7.17 £ 0.69 5.37 14.7 10.7 -
1351 6,57h c 5.42 + 0.47 8.69 3.72 2.79 -
134Te 41,8m c 3.16 & 0.42 6.85 0.387 1.32 -
1331 20,8h c 9.28 4+ 0.80 13.9 42.5 22.3 -
1325 6,479d i 2.85 £+ 0.69 3.52 14.4 1.58 -
132Te 3,204d c 5.07 £ 0.43 10.9 21.8 15.9 -
1311 8,02070d c 139 £ 1.1 18.3 92.5 30.3 -
129Gh 4,40h c 3.11 £+ 0.39 8.81 29.2 11.2 -
128Gp 59,07m c 1.24 + 0.12 7.06 5.92 5.41 -
127Xe 36,4d c 1.76 £+ 0.18 3.46 3.41 0.287 -
127G} 3,85d c 8.75 £ 0.77 13.7 46.8 17.2 -
1261 13,11d i 4.28 £ 0.60 4.51 11.1 1.22 -
125Xe 16,9h c 0.317 4+ 0.039 1.43 0.133 0.024 -
1241 4,1760d i 2.07 £ 0.42 2.65 1.68 0.176 -
1228}, 2,7238d  i(m+g) 825+ 0.65 5.00 8.27 2.52 -
H2Ag 3,130h i 14.3 + 1.7 6.00 0.530 2.05 -
H2Ag 3,130h c 57.0 £ 6.5 25.6 2.25 8.90 -
HiAg 7,45d c 54.6 £ 5.5 25.5 2.00 8.62 -
107Rh 21,7m c* 55.9 + 6.8 30.4 1.12 10.4 -
106Ru 373,59d c 43.1 £ 5.1 22.6 0.641 8.15 -
105Ag 41,29d c 3.50 + 0.43 1.34 - 0.003 -
105Ry 4.,44h c 50.0 &+ 3.9 24.6 1.05 9.13 -
104pe 18,3m c 372432 20.6 1.17 8.07 -
103Ru 39,26d c 48.0 + 3.9 28.2 4.98 11.7 -
101e 14,22m c 45.4 + 5.1 26.5 14.4 14.9 -
10l 7e 14,22m i 7.49 &+ 3.97 6.92 0.686 2.45 -
99Mo 65,94h c 40.3 £ 3.3 14.8 13.0 9.51 -
97 Zx 16,744h c 26.4 £+ 2.1 16.2 42.1 18.2 -
96Nb 23,35h i 5.37 £ 0.42 5.78 3.41 3.91 -
957y 64,02d c 324425 23.0 76.6 24.4 -
91y 18,7m i 23.7 £ 24 7.02 35.7 10.7 -
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Table 79, cont’d.

Product Ty, Type Exp yield Calculated Yields [mbarn]| via
[mbarn] LAHET CASCADE INUCL ALICE-IPPE
2y 3,54h i 7.10 + 2.08 6.31 26.3 7.81 -
92y 3,54h c 32.3 + 4.6 25.7 119. 30.3 -
918y 9,63h c 279 + 2.6 19.8 104. 24.6 -
89Rb 15,15m c* 24.0 £ 2.2 25.4 73.6 14.2 -
88Rb 17,78m i 8.74 + 1.95 6.23 39.6 12.9 -
88Rb 17,78m c 27.0 + 3.1 21.1 66.1 19.2 -
88 Kr 2,84h c 16.0 + 1.3 14.6 26.4 6.24 -
8TKr 76,3m c 202+ 1.9 14.2 29.2 16.0 -
"8 As 90,7m i 2.95 + 0.64 2.63 1.68 0.269 -
BGe 88m c 3.30 &+ 0.29 7.45 0.671 0.104 -
BGa 4,86h c 2.38 £ 0.21 4.77 0.272 0.066 -
2Ga 14,10h  i(m+g) 0.871 £ 0.120 1.25 0.114 0.034 -
27n 46,5h c 1.72 £ 0.18 2.79 0.102 0.045 -
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Fig. 64: Detailed comparison between experimental and simulated yields of radioactive reaction
products in 232Th irradiated with 0.2 GeV protons. The cumulative yields are labeled -¢ when the
respective independent yields are also shown.
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Mass yields in “°“Th irradiated with 0.2GeV protons
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Fig. 65: The simulated mass distributions of reaction products together with the measured
cumulative and supra-cumulative yields in 2*2Th irradiated with 0.2 GeV protons.

Statistics of sim-to-exp ratios for 0.2GeV proton-irradiated 232
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Table 80: Experimental and calculated yields from 2*?Th irradiated with 0.8 GeV protons.

Product Ty/2 Type Exp yield Calculated Yields [mbarn] via

[mbarn] LAHET CASCADE CASCADO-IPPE INUCL
29 Ac 62,7m c 1.30 £ 0.21 20.9 47.1 19.2 34.2
228 Ac 6,15h i 20.1 £ 2.1 12.3 25.2 13.2 20.5
226 Ac 29,37h i 16.6 £ 1.6 12.0 29.3 12.2 20.2
225 Ac 10,0d c 20.3 + 5.1 14.7 48.6 14.7 26.4
224 Ac 2,78h i 12.0 £ 0.9 12.3 26.5 12.7 20.4
211Rn 14,6h c 9.89 + 0.75 8.77 18.2 13.5 30.9
2107 8,1h c 11.0 £ 0.8 8.85 6.49 6.22 10.7
209A¢ 5,41h c* 17.8 £ 1.2 17.0 32.5 10.0 21.9
208 At 1,63h c* 10.5 £ 0.9 134 39.2 5.52 15.9
207 At 1,80h c 16.5 + 1.4 17.1 46.7 4.32 19.5
206 At 30,6m c* 10.3 £ 0.8 12.5 33.3 1.25 16.5
20634 6,243d c 20.1 £ 1.5 21.8 44.6 11.7 22.1
205Bi 15,31d c 182 £ 1.7 19.1 45.4 8.47 20.1
204Bj 11,22h c 13.2 £ 1.0 18.3 35.3 8.50 15.2
203ph 51,873h c 10.3 £ 0.7 14.7 10.2 10.9 2.01
202Bj 1,72h c 11.2 £ 0.8 14.4 12.0 6.61 3.95
201pp 9,33h  i(m+tg) 7.22 £ 2.56 2.46 1.08 7.78 0.278
201pp 9,33h c 9.62 £ 0.99 14.4 11.2 13.3 4.23
200pp 21,5h c 7.70 £ 0.56 13.3 134 14.9 4.23
200] 26,1h  i(m+g) 0.980 + 0.204 0.733 0.175 0.956 0.020
192Hg 4,85h c 6.11 £+ 0.55 7.96 11.5 10.2 0.278
190Ay 42.8m c* 5.48 £+ 0.79 8.07 9.47 8.61 0.040
186 py, 2,08h c 2.88 + 0.83 6.42 3.93 4.29 -
1841y 3,09h c* 2.65 + 0.33 7.11 1.84 3.43 -
1820 22,10h c 2.76 + 0.29 5.56 0.888 2.50 -
181 Re 19,9h c 2.13 £+ 0.35 4.86 0.597 1.98 -
13 Ce 33,039h c 4.15 £+ 0.30 5.86 0.089 1.58 0.179
10 a 1,6781d i 1.47 +£ 0.15 1.84 0.259 1.40 0.119
14084 12,752d c 5.24 + 0.91 5.09 0.233 0.684 0.438
135Ce 17,7h c 1.94 £ 0.20 1.57 0.634 1.30 0.060
135Xe 9,14h  i(m+g) 3.93 £0.40 2.73 5.70 1.39 3.98
1351 6,57h c 2.93 £+ 0.28 4.38 1.63 0.060 1.10
1331 20,8h c 4.59 £+ 0.35 7.25 15.9 1.05 9.08
132Ce 3,51h c 0.563 & 0.215  0.884 0.213 0.048 0.020
132 e 3,204d c 2.55 + 0.22 5.38 9.41 0.428 5.13
1817 8,02070d c 6.82 + 0.52 10.2 37.2 3.95 13.7
127Xe 36,4d c 8.38 4+ 0.98 5.51 22.8 5.44 1.47
127G 3,85d c 5.11 £+ 0.51 7.93 18.7 2.53 8.28
125Xe 16,9h c 4.26 £+ 0.32 2.93 11.7 1.58 0.616
1241 4,1760d i 4.67 £ 0.69 3.87 13.8 3.14 0.955
12281, 2,7238d  i(m+g) 872 £ 0.61 4.78 15.8 8.55 7.54
1217 2,12h c 3.07 £ 0.27 2.70 4.02 0.384 0.139
H2Ag 3,130h i 22.8 + 3.0 5.55 1.68 12.0 6.36
H2Ag 3,130h c 494+ 5.9 20.1 2.75 25.2 13.8
11y 2,8047d c 3.02 + 0.33 3.49 3.59 1.14 0.636
105Ry 4,44h c 43.0 £ 29 19.6 0.797 22.9 13.6
104pe 18,3m c 30.5 £ 2.8 15.9 0.374 12.3 6.86
103Ru 39,26d c 61.0 + 4.4 24.2 1.89 33.1 18.0
101 e 14,22m c 61.3 £ 7.0 24.0 4.70 32.9 18.2
101 14,22m i 32.1£7.0 7.61 1.29 15.4 8.42
99Mo 65,94h c 45.0 £ 3.1 14.3 4.74 17.6 12.9
7r 16,744h c 19.1 £ 1.3 124 12.1 9.59 8.75
96Nb 23,35h i 14.8 £ 1.0 6.00 1.39 13.0 8.55
957r 64,02d c 31.5 £ 2.9 18.0 22.6 21.0 17.4
9y 18,7m i 20.0 £ 2.3 5.99 9.32 8.14 6.16
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Table 80, cont’d.

Product T2 Type Exp yield Calculated Yields [mbarn]| via

[mbarn] LAHET CASCADE CASCADO-IPPE INUCL
2y 3,54h i 13.0 £ 5.0 6.24 9.83 14.1 11.2
92y 3,54h c 30.5 + 4.6 20.1 42.8 22.9 20.8
91Sr 9,63h c 22.8 + 2.1 14.6 38.5 14.4 16.2
90N 14,60h ¢ 08204+ 0.097 1.23 0.023 0.020 0.080
89Rb 15,15m c* 23.6 + 3.3 17.6 33.3 9.61 11.3
88Ky 2,84h c 10.6 £ 0.9 11.2 14.9 3.52 3.03
8TKr 76,3m c 134 +1.5 10.5 18.5 7.46 8.92
86y 14,74h c 1.28 + 0.12 2.46 0.174 0.096 0.358
8 As 90,7m i 7.09 £ 1.61 3.34 9.80 7.52 1.75
8Ge 88m c 2.94 + 0.87 6.87 2.22 3.33 0.398
T6As 1,0778d i 5.03 £+ 0.43 2.92 8.69 5.54 1.59
Ga 4,86h c 4.55 + 0.36 6.22 2.82 8.18 0.936
27n 46,5h c 2.00 £ 0.20 3.94 0.618 4.60 0.418
485 43,67h i 0.940 £ 0.180  0.259 - 1.63 -
24Na 14,9590h ¢ 0.806 + 0.131  0.022 - 0.396 -
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232

Mass yields in “°“Th irradiated with 0.8GeV protons
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Fig. 68: The simulated mass distributions of reaction products together with the measured
cumulative and supra-cumulative yields in 2*2Th irradiated with 0.8 GeV protons.

Statistics of sim-to-exp ratios for 0.8GeV proton-irradiated 232
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Fig. 69: Statistics of the simulation-to-experiment ratios (criterion 2) for #*Th irradiated with 0.8
GeV protons.
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Table 81: Experimental and calculated yields from ?*?Th irradiated with 1.2 GeV protons.

Product Ty/2 Type Exp yield Calculated Yields [mbarn] via
[mbarn] LAHET CASCADE INUCL
233Pa 26,967d i 2.81 4+ 0.33 — - -
229A¢ 62,7m c 1.23 £ 0.18 17.2 39.6 31.0
228 Ac 6,15h i 193+ 1.5 9.28 19.1 18.2
22TTh 18,72d c 13.5 £ 1.6 5.96 21.4 13.9
226 A¢ 29,37h i 17.1 £ 1.7 8.77 20.3 16.5
5 Ac 10,0d c 195+ 1.5 10.8 32.5 21.0
225Ra 14,9d c 4.18 + 0.37 4.23 14.5 8.92
224 Ac 2,78h i 12.5 £ 1.0 8.01 17.7 17.0
223Ra, 11,435d c 21.8 £ 1.7 10.9 43.7 26.1
211Rn 14,6h c 9.76 4+ 0.76 4.81 18.5 26.9
210 At 8,1h c 10.6 + 0.8 6.03 7.83 10.9
209 At 5,41h c* 19.3 £ 1.4 11.3 32.3 22.6
208 At 1,63h c* 9.95 + 0.88 8.20 36.6 17.8
207 At 1,80h c 142 4+ 1.4 9.93 45.9 20.9
206 At 30,6m c* 9.08 + 0.83 7.46 33.2 17.3
206Bj 6,243d c 189+ 1.4 14.1 49.5 24.8
205Bi 15,31d c 142+ 1.1 11.8 48.3 22.0
204Bi 11,22h c 15.2 £ 1.2 12.6 40.6 16.1
203ph 51,873h i(m1+m2+g)  1.14 £ 0.46 0.630 2.05 0.241
203pp 51,873h c 11.7 £ 0.9 10.0 15.8 3.18
202Bj 1,72h c 12.2 £ 0.9 10.2 15.8 4.28
201ph 9,33h i(m+g) 3.45 + 1.05 2.50 3.22 0.542
201py 9,33h c 11.2 + 1.1 10.9 16.7 5.03
200pp 21,5h c 9.35 + 0.72 10.4 20.3 4.95
200 26,1h i(m+g) 1.36 + 0.16 0.818 0.972 0.114
198 Bj 11,6m c* 8.66 + 1.49 2.98 8.93 2.43
192Hg 4,85h c 11.6 £ 1.0 9.39 26.8 0.387
191pt 2,802d c 9.98 4+ 1.13 16.2 25.4 0.336
190 Ay 42.8m c 11.1 £ 1.3 11.2 27.0 0.254
188 py 10,2d c 11.0 £ 1.0 13.0 24.1 0.178
186 p¢ 2,08h c 10.8 +£ 2.5 12.4 21.7 0.074
18505 93,6d c 11.2 £ 0.9 16.2 11.8 0.093
1841y 3,09h c* 9.71 + 0.95 15.9 13.3 0.051
183Re 70,0d c 9.69 + 0.82 17.1 8.68 0.040
18205 22,10h c 11.1 £ 1.0 16.0 9.96 0.054
181 Re 19,9h c 9.96 + 1.40 16.8 7.54 0.013
180Re 21,5m c 10.8 + 1.0 16.1 7.59 0.027
1w 135m c 5.85 + 0.72 14.1 2.35 0.054
176y 8,09h c 6.31 + 0.83 13.9 3.99 0.020
LTS Hf 70d c 6.43 + 0.54 14.7 3.05 0.034
174y 1,14h c 6.36 £+ 0.76 13.2 2.81 0.007
LT3 Hf 23,6h c 5.55 + 0.57 12.0 2.34 0.007
MLy 8,24d c 4.76 + 0.38 12.8 0.942 -
0Ly 2,012d c 4.58 + 0.50 11.2 1.36 0.006
169yh 32,026d c 5.75 + 0.47 11.8 0.928 -
167 Tm 9,25d c 3.43 £ 0.71 10.2 0.462 0.007
166yh 56,7h c 3.03 £ 0.30 10.4 0.526 -
L60Ey 28,58h c 2.20 £+ 0.24 6.76 0.072 -
157Dy 8,14h c 1.63 + 0.17 6.33 0.031 -
155Dy 9,9h c* 1.49 £+ 0.13 5.14 0.065 -
152Dy 2,38h c 0.702 &+ 0.156 2.27 0.001 -
TRy 24.1d c 1.11 &+ 0.17 2.45 - -
146Gd 48,27d c 0.677 & 0.068 1.25 - -
146y 4,61d i 0.589 + 0.054 1.30 - -
143Ce 33,039h c 4.05 £+ 0.31 3.90 0.062 0.228
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Table 81, cont’d.

Product T2 Type Exp yield Calculated Yields [mbarn] via
[mbarn]  LAHET CASCADE INUCL
I Ce 32,501d c 6.41 + 0.49 5.22 0.145 0.408
140 1,6781d i 1.24 + 0.10 1.23 0.191 0.047
140B4 12,752d c 5.57 + 0.42 3.16 0.151 0.281
139Ce 137,640d c 4.54 £+ 0.55 5.29 0.313 0.348
136Cs 13,16d  i(m+g) 2.18 £0.16  1.90 2.71 1.57
135Ce 17,7h c 3.11 £ 0.27 1.84 0.426 0.100
135Xe 9,14h  i(m+g) 3.00 £ 0.35 2.13 3.91 2.87
1351 6,57h c 3.65 + 0.45 2.88 1.30 0.842
1331 20,8h c 4.52 &+ 0.37 4.48 12.1 6.52
132Ce 3,51h c 1.28 + 0.20 1.05 0.371 0.047
132Cs 6,479d i 3.50 £ 0.29 1.97 6.54 1.30
132Te 3,204d c 2.76 £+ 0.21 3.45 7.24 4.15
131Ba 11,50d c 4.97 4+ 0.42 3.74 3.95 0.355
1317 8,02070d c 6.31 + 0.47 5.61 27.8 10.2
128By 2,43d c 2.40 £ 0.22 2.34 1.98 0.094
127Xe 36,4d c 891 + 0.71 4.20 16.6 1.43
127G 3,85d c 3.82 £+ 0.32 4.82 15.1 6.49
1261 13,11d i 5.80 + 0.67  2.61 13.3 3.09
125X e 16,9h c 6.04 £ 047 267 9.63 0.582
1241 4,1760d i 5.37 £ 0.50  3.30 10.7 1.26
12281, 2,7238d i(m+g) 8.03 4 0.60  3.05 11.8 7.46
1217 2,12h c 4.61 £+ 0.36 2.83 4.46 0.214
H2Ap 3,130h i 19.1 £ 3.8 3.84 1.87 7.09
H2Ag 3,130h c 42.1 £ 7.8 12.6 2.73 15.0
11y 2,8047d c 4.87 £0.38 4.38 7.01 1.71
HIAg 7,45d c 45.0 + 4.3 13.4 4.44 19.4
106Ru 373,59d c 38.4 + 3.1 10.7 0.309 12.4
10500 41,29d c 2.66 £ 0.26  3.44 1.85 1.13
105Rh 35,36h  i(m+g) 24.8 £4.2 6.14 2.98 9.17
105Ry 4.44h c 38.2 + 3.0 12.2 0.725 15.9
104e 18,3m c 26.1 £ 2.3 9.89 0.339 8.15
103Ru 39,26d c 52.4 + 4.0 16.3 2.58 25.5
101 14,22m c 54.2 £ 5.9 15.4 4.04 22.9
101e 14,22m i 26.5 + 4.9 5.46 1.63 12.0
99Mo 65,94h c 43.0 £ 3.3 11.6 6.41 17.9
7r 16,744h c 182+ 1.3 7.41 9.17 7.71
96 Nb 23,35h i 17.6 + 1.4 5.01 1.66 114
957r 64,02d c 30.8 £+ 2.2 12.1 16.2 19.1
9y 18,7m i 15.8 £ 1.6 3.78 6.21 6.40
92y 3,54h i 11.5 £ 2.8 4.32 6.22 11.4
92y 3,54h c 342+ 48 13.7 30.8 20.5
91Sr 9,63h c 20.7 £ 1.6 9.59 28.8 14.3
90Nb 14,60h c 1.83 + 0.14 2.20 0.120 0.428
89Rb 15,15m c* 20.2 £+ 2.2 11.6 24.2 9.07
887r 83,4d c 2.29 £ 0.18  4.64 2.00 2.69
88y 106,65d  i(m+g) 10.4 £ 0.8 5.16 8.78 5.27
88Kr 2,84h c 9.65 £ 0.76 7.34 11.1 3.25
8TKr 76,3m c 12.6 + 1.4 6.76 13.2 7.97
86y 14,74h c 2.54 £0.19  3.58 0.387 0.857
86Rb 18,631d  i(m+g) 16.6 £ 1.3 5.42 25.5 22.2
83Rb 86,2d c 8.74 £ 0.75 8.05 8.99 4.75
"8As 90,7m i 8.43 + 1.42 2.71 8.18 2.91
BGe 88m c 2.74 £ 0.60 5.02 1.79 0.991
""Br 57,036h c 2.47 £ 0.21 4.19 1.53 1.21
"6 As 1,0778d i 7.54 £ 0.65 3.13 9.39 3.11
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Table 81, cont’d.

Product T2 Type Exp yield Calculated Yields [mbarn]| via
[mbarn] LAHET CASCADE INUCL

Se 119,779d c 2.98 + 0.28 3.71 4.19 2.21
™ As 17,77d i 4.90 £+ 0.49 3.65 3.97 1.81
BGa 4.86h c 5.50 £ 0.49 5.48 3.31 1.62
Ga 14,10h  i(m+g)  5.31 £ 0.47 2.06 3.39 1.39
27n 46,5h c 2.48 + 0.20 3.09 0.876 0.616
Fe 44,472d c 3.42 £+ 0.29 2.10 0.544 0.241
%8Co 70,86d  i(m+g) 0.851 + 0.081 1.01 0.183 0.087
56 Mn 2,5789h c 3.99 + 0.55 2.14 0.275 0.147
18y 15,9735d c 0.232 &+ 0.025  0.310 - 0.013
48G¢ 43,67h i 0.923 £ 0.071  0.555 0.038 0.007
46G¢ 83,79d  i(m+g) 0.980 £ 0.094  0.367 — 0.007
BK 22,3h c 1.19 + 0.10 0.789 — —

Mg 20,915h c 0.562 & 0.048 - — —

24Na 14,9590h c 1.51 £ 0.12 0.226 - -
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Products in 2*Th irradiated with 1.2GeV protons
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Fig. 70: Detailed comparison between experimental and simulated yields of radioactive reaction
respective independent yields are also shown.
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232

Mass yields in “*“Th irradiated with 1.2GeV protons
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Fig. 71: The simulated mass distributions of reaction products together with the measured
cumulative and supra-cumulative yields in 232Th irradiated with 1.2 GeV protons.

Statistics of sim-to-exp ratios for 1.2GeV proton-irradiated *Th
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Fig. 72: Statistics of the simulation-to-experiment ratios (criterion 2) for ##Th irradiated with 1.2
GeV protons.
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Table 82: Experimental and calculated yields from ?*?Th irradiated with 1.6 GeV protons.

Product Ty/2 Type Exp yield Calculated Yields [mbarn] via
[mbarn] LAHET CASCADE INUCL
23Pa 26,967d i 3.12 + 0.30 - 31.0 -
229 Ac 62,7m c 1.09 £ 0.17 174 10.9 30.8
228 Ac 6,15h i 17.8 £ 1.6 8.48 6.96 17.9
27Th 18,72d c 123+ 1.6 5.87 18.4 13.2
226 A¢ 29,37h i 151+ 1.6 8.35 9.57 15.3
2B Ac 10,0d c 185+ 1.5 9.56 15.4 17.9
225Ra 14,9d c 3.87 £ 0.41 3.52 8.10 7.96
224 Ac 2,78h i 11.8 £ 1.1 7.47 8.98 14.6
223Ra 11,435d c 20.6 £ 2.0 10.1 31.2 24.2
211Rn 14,6h c 7.57 + 0.63 4.17 10.6 22.9
210A¢t 8,1h c 8.92 + 0.74 4.28 4.52 9.91
209 At 5,41h c* 16.5 + 1.3 7.93 18.7 20.9
208 At 1,63h c* 7.94 + 0.66 6.53 21.5 15.9
207 At 1,80h c 11.6 £ 1.2 7.74 25.8 18.8
206 At 30,6m c* 8.31 + 0.82 5.84 19.3 15.4
2064 6,243d c 157+ 1.3 11.2 30.2 22.7
205Bj 15,31d c 11.8 £ 1.0 9.03 32.3 20.2
204Bj 11,22h c 122+ 1.1 9.21 26.2 15.1
203py 51,873h c 9.88 £ 0.81 7.89 10.9 3.22
2024 1,72h c 10.5 £ 0.9 7.30 10.1 4.20
201pp 9,33h  i(m+g) 5.79 + 1.07 1.67 2.70 0.563
201pp 9,33h c 10.0 £ 1.0 7.87 11.9 4.82
200py, 21,5h c 7.97 + 0.69 7.71 14.0 4.92
200 26,1h  i(m+g) 1.08 £ 0.16 0.525 1.12 0.105
19834 11,6m c* 5.61 £+ 1.05 1.85 5.72 2.16
192Hg 4,85h c 11.0 + 1.4 7.01 21.6 0.694
191pt 2,802d c 101 £ 1.5 11.3 21.5 0.669
190 Ay 42,8m c 113+ 1.3 8.25 24.1 0.535
188 pt 10,2d c 11.9+ 1.1 9.18 23.4 0.588
186 pt 2,08h c 12.2 + 2.8 9.25 22.6 0.483
1850s 93,6d c 13.1 4+ 1.2 12.6 12.8 0.454
1841y 3,09h c* 129+ 1.3 11.1 16.5 0.473
183Re 70,0d c 127+ 1.1 13.4 10.8 0.419
182()g 22,10h c 14.3 £ 1.2 12.4 12.3 0.407
181Re 19,9h c 13.1 £ 1.9 13.9 10.5 0.350
180Re 21,5m c 12.8 £ 1.3 12.9 11.7 0.390
17w 135m c 9.66 + 1.20 12.2 3.43 0.250
176 8,09h c 12.0 + 1.4 12.9 7.53 0.278
175 f 70d c 11.2+£ 1.0 12.7 6.01 0.233
174y 1,14h c 10.4 + 1.3 12.0 5.83 0.173
173t 23,6h c 10.8 + 1.1 11.8 5.12 0.141
T 8,24d c 10.7 £ 0.9 12.6 3.17 0.119
170y 2,012d c 7.89 + 0.79 11.4 3.76 0.111
169Yh 32,026d c 9.66 + 0.90 12.2 3.24 0.133
167Tm 9,25d c 8.40 £+ 1.75 11.7 1.84 0.101
166yh 56,7h c 7.98 + 0.82 12.1 2.22 0.097
160y 28,58h c 6.11 £ 0.66 10.0 0.669 0.008
157Dy 8,14h c 4.27 4+ 0.41 11.1 0.497 0.016
155Dy 9,9h c* 3.70 + 0.35 10.1 0.283 0.004
152Dy 2,38h c 2.24 + 0.21 5.39 0.072 0.004
147y 24,1d c 2.84 £+ 0.41 9.22 0.027 0.004
146Gqd 48,27d c 1.98 &+ 0.18 4.77 0.045 -
146 Ey 4,61d i 0.879 + 0.092 3.49 - -
15Ey 5,93d c 3.87 + 0.89 6.65 0.030 0.009
143Ce 33,039h c 3.75 £ 0.31 2.92 0.335 0.145
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Table 82, cont’d.

Product T2 Type Exp yield Calculated Yields [mbarn]| via
[mbarn] LAHET CASCADE INUCL
HCe 32,501d c 5.66 £ 0.53 4.77 0.838 0.350
140 5 1,6781d i 0.986 + 0.092 1.16 0.436 0.141
140B4 12,752d c 5.00 £ 0.43 2.83 0.469 0.205
139Ce 137,640d c 6.40 £+ 0.53 11.4 0.838 0.314
136(Cs 13,16d  i(m+g) 1.87 £ 0.17 1.48 2.58 1.23
135Ce 17,7h c 3.52 £+ 0.32 5.73 0.811 0.097
135X e 9,14h  i(m+g) 2.25 + 0.46 1.26 3.52 2.58
135] 6,57h c 3.65 + 0.46 2.40 2.31 0.611
133] 20,8h c 4.29 &+ 0.38 3.37 12.1 5.63
132Ce 3,51h c 1.89 + 0.26 4.08 0.496 0.020
132Cs 6,479d i 4.14 4+ 0.45 1.43 6.32 1.14
132 e 3,204d c 2.57 £ 0.23 2.82 10.2 3.91
131Ba 11,50d c 5.15 + 0.49 7.24 5.65 0.535
1311 8,02070d c 5.60 £ 0.45 4.75 29.1 8.37
12834 2.43d c 3.15 £ 0.30 4.67 3.06 0.105
127TXe 36,4d c 8.42 + 0.69 7.01 20.8 1.78
127G 3,85d c 3.35 £ 0.31 4.05 21.2 5.45
1261 13,11d i 4.07 £+ 0.54 2.59 13.4 2.79
125X e 16,9h c 6.51 £ 0.55 3.93 13.6 0.768
1241 4,1760d i 4.61 £ 0.45 3.04 12.1 1.35
12281, 2,7238d  i(m+g)  6.89 £ 0.57 2.51 11.3 7.7
1217 2,12h c 5.48 + 0.47 3.44 7.13 0.310
H2Ao 3,130h i 152 £ 3.9 3.03 1.45 8.04
H2Ag 3,130h c 35.0 £ 7.0 10.4 2.14 15.8
R 2,8047d c 5.70 £ 0.47 3.49 9.65 2.54
HAg 7.45d c 36.7 + 3.7 11.2 3.75 19.7
106Ru 373,59d c 26.6 + 6.6 8.76 3.35 12.1
1050 41,29d c 3.35 £+ 0.32 3.92 2.56 1.71
105Rh 35,36h  i(m+g) 14.4 + 4.6 4.68 3.18 10.4
105Ry 4,44h c 31.6 £ 2.6 9.60 5.30 16.9
104 18,3m c 19.7 £ 2.1 7.60 7.91 8.51
103Ru 39,26d c 44.0 £ 3.7 12.4 16.0 27.6
1017 14,22m c 332+ 4.0 12.5 24.0 23.9
1017 14,22m i 8.76 + 3.39 4.45 1.98 12.7
99Mo 65,94h c 36.4 £ 3.0 11.0 15.8 20.8
97r 16,744h c 15.3 £ 1.2 6.08 20.9 7.30
96Nb 23,35h i 143 £ 1.4 4.28 4.61 124
957 64,02d c 25.2 £ 2.1 9.41 25.8 18.0
9y 18,7m i 14.6 £ 1.6 2.95 11.0 5.72
92y 3,54h i 12.6 £ 3.3 3.46 12.4 10.8
92y 3,54h c 298 £ 4.4 10.7 29.4 19.3
91Sr 9,63h c 171+ 1.7 7.62 20.1 13.1
9%ONb 14,60h c 2.29 + 0.20 2.09 0.322 0.934
89Rb 15,15m c* 174 £ 1.9 9.49 14.1 8.40
887r 83,4d c 2.96 + 0.28 6.02 3.76 5.60
88Y 106,65d c 13.2 £ 1.2 11.7 16.2 12.9
88Kr 2,84h c 8.48 £ (.81 5.51 4.53 2.91
8TKr 76,3m c 11.1 £ 1.3 5.31 6.47 7.02
86y 14,74h c 3.24 + 0.26 4.75 0.905 1.68
86Rb 18,631d  i(m+g) 16.5 £ 1.4 4.75 24.4 21.0
83Rb 86,2d c 10.1 £ 0.9 8.98 13.6 7.65
"8 As 90,7m i 7.12 £ 1.09 2.36 5.85 3.12
8Ge 88m c 2.26 + 0.41 4.01 0.972 1.12
"Br 57,036h c 2.70 £+ 0.24 5.14 2.52 2.10
76 As 1,0778d i 7.88 £ 0.73 2.95 8.33 4.37
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Table 82, cont’d.

Product T2 Type Exp yield Calculated Yields [mbarn]| via
[mbarn] LAHET CASCADE INUCL

Se 119,779d c 3.47 £ 0.29 5.07 6.56 3.95
™ As 17,77d i 5.50 £ 0.59 3.79 4.64 2.77
BGa 4.86h c 4.20 £+ 0.55 4.27 2.61 1.98
2Ga 14,10h  i(m+g) 5.22 4 0.53 2.07 2.95 1.90
27n 46,5h c 2.22 £0.19 2.57 0.623 0.748
Fe 44,472d c 3.97 £ 0.35 2.38 0.757 0.382
%8Co 70,86d  i(m+g)  1.26 £ 0.12 2.09 0.221 0.318
56 Mn 2,5789h c 3.50 £ 0.59 2.36 0.402 0.185
18y 15,9735d c 0.283 &+ 0.084  0.469 - -

483c 43,67h i 1.21 £ 0.10 0.873 0.034 0.008
46G¢ 83,79d  i(m+g) 1.42 £ 0.16 0.807 0.034 0.004
BK 22,3h c 1.66 + 0.15 1.03 0.013 0.008
2Mg 20,915h c 0.894 + 0.075 - — -

24Na 14,9590h c 2.62 + 0.22 0.516 - -
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Products in 2*Th irradiated with 1.6GeV protons
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22Th irradiated with 1.6 GeV protons. The cumulative yields are labeled -¢c when the

Fig. 73: Detailed comparison between experimental and simulated yields of radioactive reaction
respective independent yields are also shown.
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232

Mass yields in “*“Th irradiated with 1.6GeV protons
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Fig. 74: The simulated mass distributions of reaction products together with the measured
cumulative and supra-cumulative yields in 232Th irradiated with 1.6 GeV protons.

Statistics of sim-to-exp ratios for 1.6GeV proton-irradiated **Th
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Fig. 75: Statistics of the simulation-to-experiment ratios (criterion 2) for #*Th irradiated with 1.6
GeV protons.
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Table 83: Experimental and calculated yields from " U irradiated with 0.1 GeV protons.

Product Ty/2 Type Exp yield Calculated Yields [mbarn] via
[mbarn] LAHET CASCADE CASCADO-IPPE INUCL ALICE-IPPE

Z38Np 2,117d i 2.93 £ 0.28 13.9 266. 17.2 16.4 4.55
By 6,75d c 95.3 + 8.0 113. 216. 101. 124. 45.0
233Pa 26,967d c 5.09 &+ 0.41 10.2 3.32 4.73 19.5 13.5
232pa 1,31d i 3.75 £ 0.33 5.33 0.624 1.46 11.8 6.01
228py, 22h c 2.45 £ 0.37  0.106 0.005 0.004 1.10 3.84
22TTh 18,72d c 3.66 £ 0.81  0.152 0.005 0.013 0.032 1.52
146 py 24,15m c 15.3 £ 2.3 13.5 0.161 13.5 0.666 -
143 Ce 33,039h c 249+ 1.9 20.3 0.185 17.7 1.23 -
HMlCe 32,501d c 341+ 27 29.0 0.505 21.7 2.20 -
139Ce 137,640d c 1.46 £+ 0.22 4.86 0.028 0.008 0.039 -
14215 91,1m c 25.1 £ 24 20.0 0.126 13.9 1.66 -
140 5 1,6781d i 7.23 £ 0.62 5.51 0.417 10.1 1.04 -
141Ba 18,27m c 23.6 £ 2.8 17.8 0.087 9.99 0.979 -
140B4 12,752d c 249+ 1.9 21.7 0.419 14.2 2.50 -
13984 83,06m c 32.1+59 29.5 1.26 20.8 2.84 -
136Cg 13,16d  i(m+g) 13.9+ 1.1 9.35 8.84 17.8 6.83 -
134Cs 2,0648y i(m+g) 9.31 £ 1.20 7.08 10.4 8.47 4.98 -
132(Cg 6,479d i 3.48 + 0.40 4.89 0.928 0.102 0.431 -
135Xe 9,14h  i(m+g) 17.8+ 1.6 11.4 13.4 21.4 12.4 -
135] 6,57h c 19.0 £ 1.5 19.2 8.39 6.73 5.54 -
1331 20,8h c 324 £ 2.7 29.3 59.3 31.3 44.9 -
1317 8,02070d c 43.1 + 3.3 36.6 134. 50.2 81.4 -
1261 13,11d i 2.38 + 0.39 4.37 0.175 0.004 0.098 -
134 e 41,8m c 11.4 + 1.0 14.7 3.36 1.59 4.02 -
132 e 3,204d c 181+ 1.4 24.5 55.6 19.0 86.4 -
131G} 23,03m c 8.91 + 1.04 15.6 18.5 3.95 17.0 -
1298} 4,40h c 11.8 £ 1.2 19.6 79.8 23.7 37.5 -
127G 3,85d c 27.0 £ 2.3 28.4 104. 47.6 57.3 -
125Gh 2,75856y c 46.4 + 5.4 31.3 103. 64.1 53.0 -
1228} 2,7238d  i(m+g) 5.78 £ 0.44 6.27 2.47 0.430 1.07 -
128Gy 59,07m c 6.48 £+ 0.59 17.1 17.5 9.41 28.3 -
H2Ag 3,130h c 65.8 &+ 8.1 37.2 9.45 71.0 18.2 -
H2Ag 3,130h i 9.10 £ 1.60 7.24 0.892 1.50 1.20 -
HiAg 7,45d c 57.5 + 5.6 34.5 10.5 71.9 19.1 -
107Rh 21,7m c* 63.7 £ 7.6 41.4 60.8 80.6 36.7 -
106Ry 373,59d c 59.8 + 5.7 34.5 68.6 63.3 45.3 -
105Ry 4.44h c 60.8 £ 4.9 37.0 92.8 66.8 57.3 -
103Ru 39,26d c 61.1 &+ 4.7 41.8 149. 60.9 63.8 -
104e 18,3m c 55.1 + 4.8 32.8 118. 64.8 77.2 -
101 e 14,22m c 64.2 &£ 7.5 44.4 180. 54.8 55.3 -
99Mo 65,94h c 62.9 £ 5.0 23.4 48.1 18.9 27.7 -
96Nb 23,35h i 1.86 £ 0.16 7.01 1.70 0.117 3.87 -
97 16,744h c 50.1 £+ 3.8 31.9 79.0 40.8 44.9 -
957 64,02d c 52.8 £+ 3.9 39.0 61.8 40.8 30.0 -
91y 18,7m i 46.3 &+ 4.4 11.2 27.9 18.4 12.0 -
92y 3,54h c 50.4 £+ 7.0 40.1 26.5 31.5 22.5 -
92y 3,54h i 15.0 £ 2.7 7.31 5.39 2.32 6.50 -
91Gy 9,63h c 40.3 £+ 3.3 30.0 15.9 28.4 10.5 -
89Rb 15,15m c* 35.7 +£ 3.3 31.0 4.00 32.4 3.40 -
88Rb 17,78m c 36.5 + 3.6 22.5 2.21 26.0 3.76 -
88Rb 17,78m i 10.3 £ 2.1 4.82 1.42 7.14 2.35 -
88Kr 2,84h c 242 4+ 1.9 17.5 0.789 18.6 1.40 -
8TKr 76,3m c 26.0 + 2.9 13.9 0.768 19.1 2.10 -
BGe 88m c 3.61 &+ 0.35 3.75 0.082 8.12 0.098 -
Ga 4,86h c 1.68 £ 0.15 2.14 - 5.41 0.059 -
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Table 83, cont’d.

Product T2 Type Exp yield Calculated Yields [mbarn] via
[mbarn] LAHET CASCADE CASCADO-IPPE INUCL ALICE-IPPE
Ga 14,10h  i(m+g) 0.434+0.174  0.376 - 0.090 0.039 -
27n 46,5h ¢ 1.27 £ 0.18 1.40 - 4.42 0.039 -
2Ng 14,9590h c 0.386 + 0.046 - - - - -

Products in "'U irradiated with 0.1GeV protons
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Fig. 76: Detailed comparison between experimental and simulated yields of radioactive reaction
products in "®U irradiated with 0.1 GeV protons. The cumulative yields are labeled -¢ when the
respective independent yields are also shown.
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Mass yields in "*U irradiated with 0.1GeV protons
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Fig. 77: The simulated mass distributions of reaction products together with the measured
cumulative and supra-cumulative yields in " U irradiated with 0.1 GeV protons.
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Statistics of sim-to-exp ratios for 0.1GeV proton-irradiated "*'U
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Fig. 78: Statistics of the simulation-to-experiment ratios (criterion 2) for "*U irradiated with 0.1
GeV protons.
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Table 84: Experimental and calculated yields from " U irradiated with 0.2 GeV protons.

Product Ty/2 Type Exp yield Calculated Yields [mbarn] via
[mbarn] LAHET CASCADE INUCL
Z8Np 2,117d i 1.09 + 0.12 6.66 83.4 11.7
BTU 6,75d c 76.9 + 6.0 101. 203. 137.
233pa 26,967d c 9.87 £+ 0.68 11.2 37.7 34.1
232py, 1,31d i 8.52 + 0.64 6.51 16.9 24.2
230pg 17,4d i 3.88 £ 0.48 3.31 6.30 14.1
228pgy 22h c 1.55 + 0.21  0.938 2.17 11.2
27Th 18,72d c 2.63 + 0.49 1.30 0.924 3.40
H47Nd 10,98d c 9.16 £+ 0.98 11.4 0.548 0.581
146 py. 24,15m c 124+ 1.4 9.86 0.579 0.615
146 py 24,15m i 7.60 £ 2.06 2.63 0.203 0.130
143 Ce 33,03%h c 17.3 £ 1.2 14.8 0.864 0.966
1l Ce 32,501d c 25.0 £ 1.8 21.0 1.51 1.93
139Ce 137,640d c 3.58 £ 0.32 6.45 0.789 0.204
427 5 91,1m c 17.1 £ 1.6 13.8 0.545 1.11
10,5 1,6781d i 5.13 £ 0.42 4.54 0.787 0.875
141Ba 18,27m c 16.0 £ 1.8 11.6 0.373 0.826
140Ba 12,752d c 176 £ 1.1 14.6 0.942 1.96
13984 83,06m c 212 £ 3.8 20.2 1.83 2.72
136 Cs 13,16d  i(m+g) 9.79 £ 0.66 7.18 6.79 5.94
134Cs 2,0648y i(m+g) 10.1 £ 2.1 6.59 11.5 6.57
132(Cs 6,479d i 5.30 £+ 0.43 4.37 9.34 2.07
135X e 9,14h  i(m+g) 13.0+ 1.0 7.21 10.6 10.8
127X e 36,4d c 2.08 £ 0.22 4.24 2.86 0.243
1351 6,57h c 13.3 £ 0.9 13.6 5.73 3.93
133] 20,8h c 223 £ 1.7 21.1 39.4 31.9
1311 8,02070d c 30.2 +£ 2.0 27.8 90.3 56.5
1261 13,11d i 5.45 + 0.63 4.97 8.98 1.10
134Te 41,8m c 7.934+ 067  9.63 2.07 2.38
132 e 3,204d c 12.5 £ 0.8 17.0 33.7 52.2
131G}, 23,03m c 5.32 £ 0.57 11.3 10.8 11.9
129G 4,40h c 8.17 &+ 0.80 13.9 49.2 27.5
127G 3,85d c 192+ 1.5 20.0 70.6 38.3
1258hH 2,75856y c 34.7 + 4.2 24.6 71.2 38.8
12281, 2,7238d  i(m+g) 9.45+ 0.63  6.49 12.2 3.10
128Gy 59,07m c 4.03 + 0.40 11.1 11.2 17.6
2o 3,130h c 60.8 £ 7.2 33.0 6.09 20.1
H2Ap 3,130h i 142+ 1.8 7.55 2.24 3.51
HAg 7,45d c 56.5 £ 5.1 31.0 7.24 19.8
107Rh 21,7m c* 57.1 £ 6.5 37.8 27.6 29.0
106 Ry 373,59d c 39.8 + 4.1 29.4 28.5 314
105Ru 4,44h c 56.1 £ 3.8 31.2 38.9 37.7
103Ru 39,26d c 57.0 £ 3.8 35.5 7.7 46.0
104e 18,3m c 45.4 + 3.4 26.5 52.8 47.8
101 e 14,22m c 55.3 £ 5.2 36.3 112. 48.4
101 14,22m i 7.19 £ 2.89 8.01 8.90 5.23
99Mo 65,94h c 54.7 + 3.9 18.8 42.7 22.5
96Nb 23,35h i 4.45 £+ 0.32 7.07 14.8 5.80
97 16,744h c 39.5 + 2.6 24.1 66.2 36.2
957r 64,02d c 46.2 £+ 3.0 30.4 79.2 31.2
94y 18,7m i 34.6 £ 3.1 9.07 334 12.0
92y 3,54h c 44.6 £+ 6.0 334 61.4 26.0
92y 3,54h i 15.7 £ 2.8 7.12 28.2 7.86
88y 106,65d c 2.44 + 0.45 2.79 0.082 0.333
88y 106,65d i(m+g) 1.14 + 0.34 1.91 0.082 0.326
91Gy 9,63h c 34.5 £ 2.5 24.1 35.0 17.2
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Table 84, cont’d.

Product T2 Type Exp yield Calculated Yields [mbarn]| via
[mbarn] LAHET CASCADE INUCL
89Rb 15,15m c* 28.9 + 2.3 25.9 15.1 5.93
88Rb 17,78m c 31.7 £ 26 22.2 13.1 7.26
88Rb 17,78m i 9.79 + 1.41 5.57 9.58 5.48
88Kr 2,84h c 20.1 £ 1.4 16.4 3.50 1.77
8TKr 76,3m c 224 £+ 2.3 13.4 4.46 3.24
8Ge 88m c 3.42 + 0.26 5.53 0.615 0.081
Ga 4,86h c 2.46 + 0.18 3.93 0.094 0.049
2Ga 14,10h  i(m+g) 0.747 +£ 0.096  0.978 0.026 0.039
27n 46,5h c 1.77 £ 0.16 2.41 0.084 0.035
24Na 14,9590h c 0.196 &+ 0.023 - - -

Products in "*'U irradiated with 0.2GeV protons
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Fig. 79: Detailed comparison between experimental and simulated yields of radioactive reaction
products in "®U irradiated with 0.2 GeV protons. The cumulative yields are labeled -¢ when the
respective independent yields are also shown.
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Mass yields in "*U irradiated with 0.2GeV protons
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Fig. 80: The simulated mass distributions of reaction products together with the measured
cumulative and supra-cumulative yields in "®U irradiated with 0.2 GeV protons.

Statistics of sim-to-exp ratios for 0.2GeV proton-irradiated "*'U
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Table 85: Experimental and calculated yields from " U irradiated with 0.8 GeV protons.

Product Ty/2 Type Exp yield Calculated Yields [mbarn] via
[mbarn] LAHET CASCADE CASCADO-IPPE INUCL

Z9Np 2,3565d i 3.46 £+ 0.28 - 0.004 - -
By 6,75d c 107. £ 9. 133. 165. 105. 101.
233pgy 26,967d c 14.2 £ 0.9 12.3 65.3 16.8 27.3
2Py 1,31d i 8.88 + 0.63 5.74 35.9 12.0 15.2
230py 17,4d i 3.60 £+ 0.34 2.36 30.9 10.3 11.8
228Pgy 22h c 1.98 + 0.64 0.678 24.5 6.74 11.1
27Th 18,72d c 3.87 £ 0.60 2.08 30.9 5.91 11.6
226 A¢ 29,37h i 2.18 £ 0.22 1.76 12.8 1.56 4.63
225 Ac 10,0d c 3.31 £ 0.23 2.78 20.6 2.21 6.64
223Ra 11,435d c 4.45 £ 0.40 2.74 40.9 6.75 13.1
211Rn 14,6h c 4.03 £+ 0.28 4.49 6.86 4.76 8.74
210 At 8,1h c 4.67 £+ 0.32 4.78 2.01 1.87 2.05
2097t 5,41h c 9.02 £+ 0.58 10.1 114 3.17 4.72
208 At 1,63h c* 4.73 + 0.51 8.66 14.8 1.76 4.86
207 At 1,80h c 8.43 + 0.84 10.6 18.9 1.53 6.76
206 At 30,6m c* 4.82 4+ 0.38 7.62 13.9 0.360 6.35
206pg 8,8d c 8.85 + 0.55 14.6 17.8 4.19 8.25
205pg 1,66h c* 7.10 £ 0.79 13.2 24.4 2.09 12.4
204pg 3,53h c* 8.11 £ 0.57 10.3 15.2 1.82 7.49
2024 1,72h c 5.24 £ 0.37 8.72 3.98 3.04 1.75
203ph 51,873h c 5.25 £+ 0.35 9.38 2.91 4.69 1.11
203ph 51,873h  i(ml+m2+g) 1.24 + 0.24 0.546 0.162 1.74 0.020
201pp 9,33h c 4.94 4+ 0.47 9.06 3.99 6.40 1.75
201pp 9,33h i(m+g) 3.86 £ 0.92 1.81 0.353 3.76 0.061
200py, 21,5h c 3.21 £ 0.28 8.58 4.53 7.13 2.09
200 26,1h i(m+g) 1.29 + 0.13 0.459 0.033 0.488 -
192Hg 4,85h c 2.37 £ 0.24 4.35 3.58 3.93 0.162
191p¢ 2,802d c 1.48 + 0.52 6.41 2.61 4.10 0.061
188 pt 10,2d c 1.29 + 0.13 3.97 1.65 1.97 -
1850s 93,6d c 2.59 £+ 0.31 3.96 0.422 1.57 -
18205 22,10h c 1.20 £ 0.13 2.28 0.156 0.793 -
17w 135m c 2.13 £ 0.30 0.994 0.007 0.541 -
172Ta 36,8m c* 1.86 + 0.26 0.230 - 0.322 -
15 Hf 70d c 0.578 £ 0.071  0.798 0.004 0.879 -
MLy 8,24d c 0.938 £ 0.103  0.467 - 0.874 -
157Dy 8,14h c 0.752 £ 0.107  0.809 - 1.70 -
155Dy 9,9h c* 0.722 £ 0.137  0.455 - 1.11 -
156 Th 535d  i(ml+m2+g) 0.472+0.051 0.634 - 0.928 -
155Th 5,32d c 1.48 + 0.23 1.22 - 2.27 -
153 T 2,34d c* 1.05 £ 0.13 0.781 - 1.24 -
146Gq 48.27d c 0.309 £ 0.050  0.226 0.007 0.159 -
16 Ey 4,61d i 0.567 + 0.053  0.382 0.004 0.688 -
144pm 363d i 1.32 + 0.23 1.58 0.096 1.79 0.020
17Nd 10,98d c 6.56 + 0.64 7.28 0.313 3.83 0.263
144 Qe 284.893d c 11.6 £ 1.0 9.82 0.372 2.73 0.929
143Ce 33,039h c 12.4 £ 0.8 8.85 0.581 3.55 0.425
141Ce 32,501d c 19.0 £ 1.3 13.4 1.48 7.36 1.05
139Ce 137,640d c 8.20 + 0.54 7.97 1.83 9.57 0.304
135Ce 17,7h c 3.08 £+ 0.25 2.72 1.33 1.60 0.061
132(Ce 3,51h c 0.701 £ 0.186 1.28 0.486 0.094 -
142 91,1m c 13.3 £ 1.0 7.86 0.464 2.10 0.809
1407 5 1,6781d i 3.22 + 0.23 2.94 0.865 3.08 0.364
1408, 12,752d c 13.5 £ 0.8 8.66 0.626 2.22 1.11
131Ba 11,50d c 6.51 £ 0.45 6.30 8.73 3.32 0.405
12884 2,43d c 2.16 £+ 0.28 2.85 3.68 0.293 0.061
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Table 85, cont’d.

Product T2 Type Exp yield Calculated Yields [mbarn]| via
[mbarn] LAHET CASCADE cascsh INUCL
136Cs 13,16d  i(m+g) 5.96 £ 0.36 4.50 3.72 4.43 5.28
134Cs 2,0648y i(m+g)  6.43 £ 0.52 4.10 8.03 6.55 7.81
1325 6,479d i 6.95 £+ 0.48 4.49 11.6 7.49 3.85
135Xe 9,14h  i(m+g) 8.19 £ 0.66 4.51 5.16 3.97 8.72
127X e 36.4d c 11.6 £ 0.8 7.00 31.5 6.80 2.02
125X e 16,9h c 6.09 £ 0.39 3.53 17.3 1.66 0.749
1351 6,57h c 12.0 £ 0.8 7.59 3.07 0.378 2.79
1331 20,8h c 16.7 + 1.2 11.9 17.1 4.01 19.7
1317 8,02070d c 20.4 + 1.3 16.6 42.2 10.0 35.2
1261 13,11d i 9.74 £+ 0.89 6.02 22.6 7.67 4.80
1241 4,1760d i 7.83 £ 0.52 6.02 17.5 3.95 1.32
1217 2,12h c 3.16 + 0.23 3.65 5.69 0.403  0.081
132T¢ 3,204d c 10.3 £ 0.7 9.81 13.3 1.75 23.8
127G, 3.85d c 12.0 + 0.8 12.8 314 7.35 22.7
1251, 2,75856y c 24.3 + 2.1 17.1 35.5 16.2 28.8
1228n 2,7238d  i(m+g)  14.0x 0.9 6.00 16.4 11.0 9.45
iy 2,8047d c 3.47 £ 0.27 4.62 3.28 1.45 0.931
H2A o 3,130h c 67.3 £ 7.7 27.8 2.97 36.8 24.1
H2Ag 3,130h i 26.5 + 3.2 7.48 1.52 14.5 8.86
HIAg 7,45d c 66.7 & 5.8 28.6 4.60 43.2 24.6
105Ag 41,29d c 1.53 £ 0.18 3.15 0.401 0.533  0.405
107Rh 21,7m c* 63.4 £+ 7.1 31.4 6.48 42.7 25.7
106Ru 373,59d c 44.0 £+ 6.1 22.5 6.16 28.3 22.8
105Ru 4,44h c 60.0 £+ 3.7 27.0 9.11 33.2 28.4
103Ru 39,26d c 75.9 £ 4.7 31.8 22.1 43.5 36.1
104 e 18,3m c 41.4 + 3.3 21.0 13.2 21.9 24.9
101e 14,22m c 63.5 £ 7.3 32.1 35.7 41.3 39.6
99 Mo 65,94h c 65.7 £ 4.6 18.7 19.1 21.4 22.0
96Nb 23,35h i 17.6 £ 1.1 8.33 8.40 14.2 12.6
90Nb 14,60h c* 0.807 £ 0.064 1.72 0.068 0.045  0.252
Zr 16,744h c 35.3 £ 2.3 17.7 31.2 15.1 22.6
95 7r 64,02d c 50.9 £+ 3.2 24.5 43.7 27.1 31.6
887y 83,4d c 1.04 £ 0.08 3.41 1.31 0.118  0.607
9y 18,7m i 34.0 £ 2.9 7.31 19.4 10.7 12.2
92y 3,54h c 50.5 + 6.7 26.6 51.7 28.4 32.5
92y 3,54h i 20.8 £ 3.7 6.93 24.9 15.6 14.5
88y 106,65d  i(m+g)  6.74 £ 0.52 4.52 9.61 3.25 3.20
86y 14,74h c 1.10 £ 0.08 2.37 0.372 0.094  0.304
91Gr 9,63h c 34.4 £+ 2.1 18.7 34.0 18.8 23.9
89Rb 15,15m c* 29.6 +£ 2.4 21.9 21.8 14.2 12.7
86Rb 18,631d  i(m+g) 15.8 £ 1.0 6.97 32.9 12.1 20.8
83Rb 86,2d c 4.75 £ 0.40 5.96 9.90 1.67 2.02
88Kr 2,84h c 16.4 + 1.1 14.0 6.44 6.35 4.12
8TKr 76,3m c 20.6 £ 1.8 12.6 9.71 9.78 8.19
""Br 57,036h c 1.13 £ 0.10 2.39 0.868 0.159  0.344
5Se 119,779d c 1.38 £ 0.17 2.28 1.89 0.277  0.465
"8 As 90,7m i 7.10 £ 0.94 3.80 5.56 8.35 1.13
T6As 1,0778d i 5.68 £ 0.45 3.01 5.82 5.61 1.23
" As 17,77d i 2.85 + 0.27 2.44 1.93 1.32 0.283
Ge 88m c 3.70 £ 0.38 7.36 1.26 4.69 0.223
3Ga 4,86h c 6.32 £+ 0.47 6.64 1.86 10.1 0.344
2Ga 14,10h  i(m+g)  4.83 £ 0.39 2.31 1.48 5.98 0.486
"27n 46,5h c 2.89 £ 0.21 4.29 0.585 5.24 0.182
66 Ni 54,6h c 2.62 + 0.24 2.61 0.247 5.87 0.081
*8Co 70,86d  i(m+g) 0.334 £0.043  0.525 - 0.220  0.020
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Table 85, cont’d.
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Fig. 82: Detailed comparison between experimental and simulated yields of radioactive reaction
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respective independent yields are also shown.
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Table 86: Experimental and calculated yields from " U irradiated with 1.2 GeV protons.

Product Ty/2 Type Exp yield Calculated Yields [mbarn] via
[mbarn] LAHET CASCADE INUCL
Z39Np 2,3565d i 3.69 £+ 0.32 - - -
237y 6,75d c 115. £ 9. 113. 160. 93.9
233Pg 26,967d c 14.0 £ 1.1 9.65 49.2 24.3
232py, 1,31d i 7.95 £ 0.70 3.84 25.2 13.1
230pga 17,4d i 2.99 + 0.37 1.67 21.2 8.93
22TTh 18,72d c 4.28 + 0.63 1.60 24.0 9.95
226 Ac 29,37h i 2.34 + 0.29 1.58 11.6 4.38
225 Ac 10,0d c 2.99 + 0.23 2.37 20.2 6.71
223Ra 11,435d c 3.66 + 0.33 2.34 37.9 12.1
211Rn 14,6h c 3.88 £+ 0.31 3.34 10.3 12.2
210At 8,1h c 4.49 + 0.34 3.78 4.05 2.75
209 At 5,41h c 8.93 £ 0.66 7.36 18.8 7.72
208 At 1,63h c* 4.84 + 0.56 5.94 21.9 7.45
207At 1,80h c 8.12 £+ 0.87 7.52 27.5 10.1
206 At 30,6m c* 5.17 £ 0.50 5.73 21.1 9.28
206pg 8,8d c 9.29 + 0.66 10.9 30.2 12.4
205pg 1,66h c* 8.19 £ 0.90 9.89 38.7 18.7
204pg 3,53h c* 8.72 + 0.82 8.87 26.7 11.3
202Bi 1,72h c 7.26 £ 0.56 8.00 8.99 2.92
203pp 51,873h c 6.69 £ 0.50 8.03 7.98 1.66
203pp 51,873h  i(ml14+m2+g)  1.34 £ 0.40 0.515 0.881 0.020
201pp 9,33h c 7.12 £ 0.70 8.43 9.83 3.48
201pp 9,33h i(m+g) 5.64 £+ 0.99 2.05 1.72 0.061
200pp 21,5h c 5.36 £ 0.53 8.72 11.6 3.13
2007 26,1h i(m+g) 1.58 + 0.22 0.668 0.445 0.041
192Hg 4,85h c 6.68 £ 0.66 7.34 16.3 0.368
192 Ay 4,94h c 8.91 £ 1.20 10.3 16.4 0.430
191pg 2,802d c 5.82 + 0.60 13.2 14.7 0.123
188py, 10,2d c 5.72 + 0.61 10.3 13.8 -
186py, 2,08h c 5.30 &+ 1.23 10.4 10.9 -
1841y 3,09h c 5.44 + 0.55 11.7 5.92 0.020
1850s 93,6d c 5.32 + 1.44 13.6 5.98 -
1820g 22,10h c 6.27 £ 0.49 12.8 4.80 -
183Re 70,0d c 5.84 £+ 0.51 14.2 4.44 -
181Re 19,9h c 5.99 + 0.84 13.4 3.67 -
1TW 135m c 4.85 + 0.58 11.2 0.927 -
176 8,09h c 3.79 £+ 0.54 11.5 1.48 -
174y, 1,14h c 3.59 £ 0.49 9.48 1.08 -
172 36,8m c* 4.04 £+ 0.58 7.90 0.757 -
175 Hf 70d c 3.67 £ 0.32 11.5 1.12 -
1By 1,37y c 4.42 + 0.61 10.5 0.840 -
MLy 8,24d c 3.08 £+ 0.26 10.2 0.396 -
166y 56,7h c 1.70 £ 0.21 7.47 0.136 -
160y 28,58h c 1.91 £ 0.23 4.73 0.018 -
157Dy 8,14h c 1.29 £+ 0.15 4.36 0.009 -
155Dy 9,9h c* 1.32 £ 0.17 3.38 - -
15T 5,32d c 2.98 + 0.40 4.16 - -
153 2,34d c* 1.90 £ 0.21 3.12 - -
16Gd 48,27d c 0.804 £ 0.081  0.869 - -
TRy 24.1d c 0.772 £+ 0.226 2.15 - -
16y 4,61d i 0.858 £ 0.088  0.878 0.005 -
144pm 363d i 1.50 £ 0.14 1.41 0.050 -
HM7TNd 10,98d c 6.16 £+ 0.78 4.64 0.223 0.266
144Ce 284,893d c 12.1 £ 1.1 6.15 0.386 0.408
13Ce 33,03%h c 11.7 £ 0.9 6.28 0.441 0.409
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Table 86, cont’d.

Product T2 Type Exp yield Calculated Yields [mbarn] via
[mbarn] LAHET CASCADE INUCL
I Ce 32,501d c 175 £ 1.4 8.80 1.22 0.981
139Ce 137,640d c 8.33 £ 0.62 6.16 1.06 0.450
135Ce 17,7h c 4.28 4+ 0.36 2.38 1.04 0.286
132Ce 3,51h c 1.45 + 0.20 1.69 0.495 0.041
142 5 91,1m c 11.5 £ 1.0 5.55 0.422 0.389
140 1,6781d i 2.60 + 0.24 1.83 0.545 0.592
140Ba 12,752d c 12.7 £ 0.9 5.40 0.495 1.06
131Ba 11,50d c 7.28 £ 0.58 5.09 7.26 0.511
12834 2,43d c 3.05 £ 0.45 3.33 3.93 0.020
136Cs 13,16d  i(m+g) 4.83+034 297 2.92 3.88
134Cs 2,0648y i(m+g) 4.78 +0.43 2.62 5.94 6.03
132(Cs 6,479d i 5.72 £ 0.56 2.42 8.01 3.33
135X e 9,14h  i(m+g) 6.94 £ 0.60 3.28 3.83 6.68
127Xe 36,4d c 13.0 £ 0.9 6.48 26.8 2.53
125X e 16,9h c 7.57 £ 0.58 3.66 16.9 0.776
1351 6,57h c 119 £ 1.0 4.91 2.26 2.41
1331 20,8h c 15.8 £ 1.3 8.27 13.7 16.6
1311 8,02070d c 182 £ 1.3 10.5 34.2 29.4
1261 13,11d i 8.62 £+ 1.02 4.86 17.5 4.74
1241 4,1760d i 7.90 £+ 0.61 491 15.1 1.76
1217 2,12h c 5.01 £ 0.40 4.10 7.30 0.245
132Te 3,204d c 10.0 £ 0.8 6.25 11.7 19.8
127G} 3,85d c 10.5 +£ 0.9 8.04 25.6 17.8
1258} 2,75856y c 19.7 £ 1.6 11.2 26.4 23.3
12281, 2,7238d  i(m+g) 11.6 £ 0.9 4.31 13.9 9.77
R 4} 2,8047d c 5.45 £ 0.43 5.47 7.29 1.00
H2Ag 3,130h c 58.2 + 6.4 17.7 2.42 21.8
H2Ag 3,130h i 23.2 + 2.6 5.25 1.65 8.10
HAg 7,45d c 57.7 £ 5.4 19.7 4.46 25.4
105Ag 41,29d c 2.82 + 0.28 5.02 1.34 0.777
107Rh 21,7m c* 58.2 £ 6.9 20.9 3.80 26.8
105Rh 35,36h  i(m+g) 104 £ 3.6 8.07 2.48 9.05
106Ru 373,59d c 38.8 + 3.1 15.2 3.87 20.1
105Ru 4,44h c 52.4 + 3.8 17.4 6.47 26.4
103Ru 39,26d c 70.1 £ 5.4 23.3 18.1 37.8
104 18,3m c 342+ 29 13.9 9.32 19.8
101 e 14,22m c 52.7 £ 8.9 21.6 27.8 37.5
99 Mo 65,94h c 61.0 + 4.4 16.9 16.2 24.0
96Nb 23,35h i 19.3 £ 1.4 6.38 5.33 13.0
90Nb 14,60h c* 1.89 + 0.14 2.50 0.199 0.534
7r 16,744h c 31.9 £ 23 12.3 23.8 19.3
957r 64,02d c 46.3 £ 3.3 17.5 32.2 29.1
887r 83,4d c 2.27 £ 0.18 5.89 2.22 1.82
9y 18,7m i 34.2 £+ 3.2 5.51 14.1 10.6
92y 3,54h c 45.9 + 6.4 18.6 37.2 29.4
92y 3,54h i 15.4 £ 3.5 5.69 16.4 14.5
88y 106,65d  i(m+g) 10.9 £ 0.8 6.24 10.2 4.85
86y 14,74h c 2.56 £ 0.19 4.79 0.463 0.531
916y 9,63h c 30.6 + 2.3 13.0 25.1 20.9
83Gr 32,41h c 1.33 + 0.63 3.31 1.71 0.879
89Rb 15,15m c* 28.1 + 3.2 16.0 17.7 10.6
86Rb 18,631d i(m+g) 18.6 £ 1.4 6.61 29.2 22.3
83Rb 86,2d c 8.99 £ 0.76 9.56 13.2 3.35
88Kr 2,84h c 14.4 +£ 1.3 8.90 5.56 3.40
8TKr 76,3m c 18.4 + 1.7 8.26 7.61 7.23
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Table 86, cont’d.

Product T2 Type Exp yield Calculated Yields [mbarn]| via
[mbarn] LAHET CASCADE INUCL
"Br 57,036h c 1.57 £ 0.15 4.96 2.21 0.879
75Se 119,779d c 2.99 + 0.26 4.26 5.02 1.49
"8As 90,7m i 8.23 + 1.53 3.28 6.31 1.70
6 As 1,0778d i 8.12 £ 0.70 3.69 9.05 2.41
As 17,77d i 4.99 £+ 0.50 3.63 3.85 1.41
BGe 88m c 3.18 £ 0.38 5.07 1.39 0.634
Ga 4,86h c 6.61 £ 0.54 6.15 2.63 1.02
2Ga 14,10h  i(m+g) 5.84 £ 0.47 2.43 2.64 0.838
27n 46,5h c 2.88 £ 0.24 3.32 0.690 0.286
657n 244 .26d c 1.41 + 0.16 2.06 0.531 0.368
66 Ni 54,6h c 3.23 £+ 0.43 2.68 0.595 0.306
58Co 70,86d  i(m+g) 0.831 £ 0.068 1.26 0.023 0.041
Fe 44,472d c 4.34 4+ 0.35 2.48 0.309 0.143
56Mn 2,5789h c 3.72 £ 0.40 2.18 0.141 0.082
8y 15,9735d c 0.141 £+ 0.038  0.219 - -
483c 43,67h i 1.17 £ 0.11 0.630 0.014 -
168¢ 83,79d  i(m+g)  1.00 £ 0.10 0.420 - -
BK 22,3h c 1.42 + 0.11 0.849 — —
28Mg 20,915h c 0.608 £ 0.052 - - -
24Na 14,9590h c 1.27 £ 0.11 0.238 - -
"Be 53,29d i 5.78 £ 1.23 - - -
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Products in "'U irradiated with 1.2GeV protons
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Fig. 85: Detailed comparison between experimental and simulated yields of radioactive reaction
respective independent yields are also shown.
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Table 87: Experimental and calculated yields from " U irradiated with 1.6 GeV protons.

Product Ty/2 Type Exp yield Calculated Yields [mbarn] via
[mbarn] LAHET CASCADE INUCL
ZI9Np 2,3565d i 3.51 £+ 0.47 - — —
23Ty 6,75d c 108. &+ 10. 111. 152. 88.4
233pgy 26,967d c 12.7 + 1.1 8.83 40.2 23.5
2Py 1,31d i 7.18 £ 0.70 3.72 20.2 12.3
230py 17,4d i 2.73 £ 0.34 1.33 16.6 7.39
228py 22h c 1.25 £ 0.32 0.314 12.9 6.83
27Th 18,72d c 2.95 + 0.44 1.34 18.7 9.05
226 Ac 29,37h i 1.80 £ 0.21 1.34 9.74 3.81
223Ra 11,435d c 2.65 £ 0.50 1.98 31.8 10.7
211Rn 14,6h c 3.17 £ 0.30 2.61 10.8 11.8
210 A 8,1h c 3.54 £+ 0.32 2.77 4.60 2.96
209A 5,41h c 7.03 £ 0.62 5.54 19.0 8.00
208 At, 1,63h c* 4.20 &+ 047 4.45 21.9 7.67
207 At 1,80h c 6.07 £+ 0.85 5.55 26.3 10.8
206 At, 30,6m c* 4.65 £ 0.54 4.19 19.7 9.26
206pg 8,8d c 7.66 £ 0.65 8.13 31.2 12.4
205pg 1,66h c* 7.27 £0.98 7.25 40.6 20.0
204pg 3,53h c* 7.53 £ 0.69 5.81 28.0 11.9
202j 1,72h c 6.69 £+ 0.61 5.69 10.2 3.38
203pp 51,873h c 5.66 £+ 0.48 5.74 11.1 1.53
201pp 9,33h c 6.21 £+ 0.67 5.81 12.2 2.78
201pp 9,33h  i(m+g)  4.07 +£0.93 1.40 2.75 0.103
200pp, 21,5h c 4.88 + 0.42 5.81 14.2 3.66
200 26,1h  i(m+g) 0.923 £0.362  0.657 1.14 0.021
92Hg 4,85h c 8.00 £ 0.80 5.60 22.0 0.344
1924y 4,94h c 10.8 + 1.6 7.62 22.6 0.344
191pg 2,802d c 6.27 £ 0.87 9.85 21.9 0.246
188pg 10,2d c 6.94 £+ 0.85 7.87 23.8 0.061
186 py, 2,08h c 7.82 £ 1.82 8.37 23.0 0.021
1841y 3,09h c 8.24 £ 0.87 9.82 15.3 0.102
1850 93,6d c 7.54 £ 1.52 11.3 13.0 0.021
1820 22,10h c 10.0 + 0.9 11.5 12.6 0.082
183Re 70,0d c 8.81 £ 0.85 11.8 11.0 0.041
18lRe 19,9h c 9.61 + 1.41 114 10.7 -
ALY 135m c 7.20 + 0.90 10.9 3.49 0.021
176 g, 8,09h c 7.93 £+ 1.02 11.2 7.67 0.021
174Tq 1,14h c 8.15 £+ 1.03 10.5 5.93 0.021
L5 Hf 70d c 7.73 £ 0.72 11.1 6.11 -
172t 1,87y c 6.80 £ 0.70 10.9 5.59 0.021
113y 1,37y c 5.99 £ 0.88 11.0 5.23 -
1710 8,24d c 7.22 £+ 0.64 11.1 3.22 -
170y 2,012d c 5.94 + 1.01 10.6 3.83 0.019
169y 32,026d c 6.44 £ 0.62 10.8 3.30 0.041
166y 56,7h c 5.43 £+ 0.53 10.0 2.26 -
160y 28,58h c 422 4+ 0.48 8.73 0.682 -
157Dy 8,14h c 3.38 £+ 0.33 9.78 0.506 -
155Dy 9,9h c* 2.66 £ 0.28 7.92 0.288 -
155Th 5,32d c 4.38 4 0.48 9.24 0.273 -
153Th 2,34d c* 2.81 + 0.32 8.78 0.083 -
146Gq 48,27d c 1.71 £ 0.16 3.72 0.045 -
HTEy 24.1d c 2.65 £ 0.31 7.38 0.027 -
146y 4,61d i 1.05 £ 0.10 3.28 - -
15Ey 5,93d c 2.19 £+ 0.31 4.97 0.031 -
144pm 363d i 1.28 £ 0.16 2.09 0.014 -
H17Nd 10,98d c 6.28 + 0.74 4.00 0.246 0.184
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Table 87, cont’d.

Product T2 Type Exp yield Calculated Yields [mbarn] via
[mbarn] LAHET CASCADE INUCL
11 Ce 284,893d c 11.6 £ 1.3 5.02 0.327 0.572
143Ce 33,03%h c 10.4 £ 0.9 5.48 0.341 0.532
141Ce 32,501d c 154 £ 1.3 7.45 0.853 0.819
139Ce 137,640d c 7.82 &+ 0.68 10.2 0.853 0.697
135Ce 17,7h c 4.64 + 043 4.82 0.826 0.246
132Ce 3,51h c 2.01 + 0.21 2.94 0.505 0.021
M2 5 91,1m c 104 £ 1.1 4.77 0.321 0.471
0L 1,6781d i 2.18 £+ 0.30 1.52 0.444 0.266
1405, 12,752d c 11.7 £ 1.0 5.04 0.478 0.655
131Ba 11,50d c 6.67 £ 0.64 6.83 5.75 0.962
12835, 2,43d c 3.54 + 0.46 4.89 3.11 0.164
136 s 13,16d  i(m+g) 3.87 £0.33 2.66 2.63 3.41
134Cs 2,0648y i(m+g) 3.97 £ 0.38 2.10 4.99 4.87
132y 6,479d i 4.94 + 0.48 2.33 6.43 2.87
135X e 9,14h  i(m+g) 5.88 £ 0.58 2.29 3.58 5.53
127TXe 36,4d c 11.8 £ 1.0 7.30 21.2 2.52
125X e 16,9h c 7.83 £ 0.67 4.21 13.8 0.942
1351 6,57h c 11.0 £ 0.9 4.05 2.35 1.88
1331 20,8h c 145 £ 1.3 6.56 12.3 14.5
1311 8,02070d c 156 £ 1.3 9.60 29.6 24.8
1261 13,11d i 6.40 £ 0.73 3.88 13.6 4.30
1241 4,1760d i 6.29 + 0.67 3.77 12.4 2.04
1217 2,12h c 6.14 + 0.54 3.96 7.26 0.430
132 e 3,204d c 8.93 £+ 0.78 5.30 10.4 19.2
127G} 3,85d c 9.13 + 0.85 7.53 21.6 16.5
12561, 2,75856y c 149 £ 1.8 8.68 21.4 19.4
12261 2,7238d  i(m+g) 9.26 £ 0.79 3.38 11.5 9.19
R b 2,8047d c 6.47 £ 0.56 5.11 9.82 2.28
H2Ap 3,130h c 48.7 £+ 6.2 14.7 2.18 21.1
H2Ag 3,130h i 18.8 + 2.4 3.97 1.47 9.23
HIAg 7,45d c 46.6 + 4.8 14.2 3.81 25.1
105Ag 41,29d c 3.56 £ 0.32 5.05 2.61 1.27
107Rh 21,7m c* 52.3 + 6.6 17.2 3.41 26.0
105Rh 35,36h  i(m+g) 18.0 £ 3.7 6.89 3.23 10.8
106 Ry 373,59d c 31.3+29 12.8 3.41 19.7
105Ry 4.44h c 42.3 £ 3.5 14.0 5.39 25.4
103Ru 39,26d c 57.0 £ 4.8 18.4 16.2 384
104 18,3m c 35.8 + 3.6 11.7 8.05 19.8
101 14,22m c 50.8 £ 9.0 17.3 24.4 34.7
99 Mo 65,94h c 51.5 £ 4.5 15.3 16.1 26.5
96 Nb 23,35h i 16.5 £ 1.5 5.28 4.69 13.6
9Nb 14,60h c* 2.51 £ 0.21 3.02 0.416 0.511
9Zr 16,744h c 27.1 £ 2.3 9.65 21.2 16.8
957r 64,02d c 39.4 £ 3.5 14.1 26.3 27.2
887r 83,4d c 2.96 £+ 0.25 7.54 3.83 4.34
94y 18,7m i 31.7+ 35 4.55 11.2 9.58
92y 3,54h c 40.8 £5.9 15.6 29.9 27.6
92y 3,54h i 17.4 £ 3.5 5.15 12.7 14.3
88y 106,65d i(m+g) 11.2 +£0.9 6.70 12.6 7.00
86y 14,74h c 3.21 £ 0.27 5.71 0.921 1.41
91Sr 9,63h c 25.5 £ 2.2 11.3 20.5 19.4
83Sr 32,41h c 1.69 + 0.80 4.28 2.21 2.28
89Rb 15,15m c* 31.1 £ 4.4 12.9 14.4 10.3
86Rb 18,631d  i(m+g) 175+ 1.5 5.60 24.8 22.2
83Rb 86,2d c 10.2 + 1.0 114 13.9 5.92
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Table 87, cont’d.

Product T2 Type Exp yield Calculated Yields [mbarn]| via
[mbarn] LAHET CASCADE INUCL

88K 2,84h c 13.0 £ 1.1 7.46 4.61 3.34
8TKr 76,3m c 158 £ 1.9 6.60 6.58 6.90
“Br 57,036h c 2.42 + 0.25 7.20 2.57 1.62
"5Se 119,779d c 3.75 £ 0.34 6.10 6.67 3.07
"8As 90,7m i 9.02 £ 1.36 2.72 5.96 2.38
T6As 1,0778d i 8.36 + 0.79 3.52 8.48 3.03
™ As 17,77d i 5.96 + 0.64 5.05 4.72 2.06
BGe 88m c 2.78 £ 0.50 4.25 0.989 0.655
BGa 4,86h c 6.74 £ 0.68 4.79 2.66 1.53
2Ga 14,10h  i(m+g) 5.69 = 0.55 2.10 3.00 1.29
27n 46,5h c 2.34 + 0.23 2.92 0.635 0.676
65Zn 244,26d c 1.74 + 0.26 3.52 1.17 0.942
66 Ni 54,6h c 2.81 + 0.44 2.34 0.730 0.266
%8Co 70,86d  i(m+g)  1.30 £ 0.16 2.11 0.225 0.123
59Fe 44.472d c 4.50 &+ 0.39 2.65 0.771 0.144
56Mn 2,5789h c 4.00 £+ 0.45 2.41 0.409 0.123
>4Mn 312,11d i 1.56 + 0.22 2.29 0.246 0.123
8y 15,9735d c 0.252 &+ 0.040  0.495 — —

48Sc 43.67h i 1.40 £ 0.12 0.781 0.034 -

16S¢ 83,79d  i(m+g) 1.77 £ 0.15 0.933 0.034 -

8K 22,3h c 1.91 £ 0.17 1.12 0.014 -

Mg 20,915h c 1.02 + 0.09 - — —

24Na 14,9590h c 2.42 + 0.22 0.352 — —

"Be 53,29d i 5.82 + 0.61 - — —
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Products in "'U irradiated with 1.6GeV protons
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Mass yields in "*U irradiated with 1.6GeV protons
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Table 88: Experimental and calculated yields from %Tec irradiated with 0.1 GeV protons.

Product Ty, Type Exp yield Calculated Yields [mbarn]| via

[mbarn] CEM95 LAHET CASCADE HETC INUCL YIELDX
Ru 2,791d i 324+ 25 39.2 37.9 48.2 35.9 31.5 28.0
9 Ru 1,643h i 18.1 + 1.6 174 31.8 46.0 52.1 33.7 13.7
94Ru 51,8m i 7.28 £+ 0.80 1.30 8.86 414 65.2 33.9 5.52
90Mo 5,56h c 450 £ 0.39  0.054 1.37 415 - 3.60 6.69
9%ONb 14,60h  i(ml+m2+g) 27.0 £ 2.2 6.35 9.39 1.73 - 1.63 6.80
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Fig. 91: Detailed comparison between experimental and simulated yields of radioactive reaction
products in % Tc¢ irradiated with 0.1 GeV protons. The cumulative yields are labeled -¢ when the
respective independent yields are also shown.
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Mass yields in **Tc irradiated with 0.1 and 0.2GeV protons
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Statistics of sim-to-exp ratios for 0.1GeV proton-irradiated P1c
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Table 89: Experimental and calculated yields from %Tec irradiated with 0.2 GeV protons.

Product Ty/2 Type Exp yield Calculated Yields [mbarn]| via
[mbarn] CEM95 LAHET CASCADE HETC INUCL YIELDX

9Ru 2,791d i 14.0 + 1.0 18.3 19.4 25.0 22.9 20.4 11.3
9 Ru 1,643k i 6.30 £ 0.60 6.21 12.5 16.0 24.0 16.4 5.58
94Ru 51,8m i 2.31 £+ 0.30 0.731 3.01 12.4 20.8 14.9 2.26
90Mo 5,56h c 7.06 £ 0.59 1.15 4.28 15.5 9.49 15.5 15.7
97Nb 72,1m i(m+g) 0.447 + 0.054  3.03 0.797 3.01 0.832 3.93 0.277
9ONb 14,60h  i(ml+m2+g) 35.0 + 2.4 39.2 23.5 6.38 55.1 3.78 13.8
887r 83,4d c 28.3 + 2.2 16.7 28.3 29.9 60.9 15.1 14.8
877r 1,68h c 15.6 £ 1.2 4.26 13.1 10.4 53.2 7.98 4.11
867y 16,5h c 5.09 £ 0.36 0.256 6.11 5.13 25.3 4.82 1.26
88y 106,65d i(m+g) 8.43 + 1.12 8.64 4.90 3.59 0.023 1.07 3.19
86y 14,74h i(m+g) 11.1 £ 0.8 5.48 5.82 1.45 - 1.25 14.7
838y 32,41h c 4.06 + 1.96 0.438 2.15 1.65 - 1.72 5.42
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Table 90: Experimental and GNASH-calculated yields from % Tc irradieted with 0.2GeV protons.
Product  Tyo Type Exp yield  Calculated Yields [mbarn] via

[mbarn] GNASH
8rmy 13,37h  i(m) 8.83+0.85 11.4
9MTc 293m i 27.4+ 1.8 22.0
9%mTc  520m  i(m) 8.68 +0.78 2.8
%Tc 4.28d i(m+g) 50.0 £ 3.4 119
YRy 51.8m i 2.31 4+ 0.30 0.4
%Ry 1.643h i 6.30 + 0.60 1.60
9Ru 2.791d i 140 £ 1.0 13.5

Products in *°Tc irradiated with 0.2GeV protons

wf B g gsperns ||
E <F>=2. <F>=2. E L <F>=2.
Fx ALICE‘[EFi<F>:2.31 77 HETC<F>=3.21 3 102; [ GNASH<F>=2.74 d
of /A LAHET<F>=1.59 ¢ INUCL<F>=4.29 E
= 10°s [ CEM95<F>=4.20 =
E _HP 3
E g 1E 10 b E
c 10 ¢ A c
s 0 15
$ 1 N/ 49 f o
» F Lo % A -1
8 107'L g 10 ¢ .
O i 10 i
2+ dh 10 27
10 E . . - - = E 3
PN N f 22 EEZ RS g
afl S g8 3 8 5 5 af
10 10

Fig. 94: Detailed comparison between experimental and simulated yields of radioactive reaction
products in **Tc irradiated with 0.2 GeV protons. The cumulative yields are labeled -c when the
respective independent yields are also shown.
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Table 91: Experimental and calculated yields from %Tc irradiated with 0.8 GeV protons.

Product Ty/2 Type Exp yield Calculated Yields [mbarn]| via
[mbarn] CEM95 LAHET CASCADE HETC INUCL YIELDX

9Ru 2,791d i 3.58 + 0.23 3.91 4.95 4.68 3.47 2.62 1.84
9 Ru 1,643h i 1.66 &+ 0.17 1.43 3.32 3.05 3.84 2.85 0.917
94Ru 51,8m i 0.692 £ 0.176  0.211 1.01 2.12 3.23 3.90 0.373
90Mo 5,56h c 4.56 £ 0.35 1.13 3.52 9.22 4.16 20.6 11.8
96Nb 23,35h i 3.21 + 0.21 4.12 3.56 7.66 2.74 8.58 1.90
9ONb 14,60h  i(ml+m2+g) 279 + 1.7 27.7 20.5 4.62 34.1 7.58 14.2
887r 83,4d c 354+ 2.2 28.2 41.2 39.9 41.0 47.6 15.4
877y 1,68h c 235+ 1.7 13.9 24.0 18.3 41.6 31.4 4.23
867y 16,5h c 11.0 £ 0.7 2.64 18.3 14.5 43.7 23.5 1.29
88y 106,65d i(m+g) 11.8 £ 0.8 14.3 9.91 6.89 0.823 5.57 10.3
86y 14,74h i(m+g) 25.0 + 1.5 30.5 16.8 5.51 1.40 7.34 15.2
83Gr 32,41h c 28.1 + 7.6 23.2 21.3 23.4 41.2 22.7 25.3
828r 25,55d c 174+ 14 9.98 16.2 18.2 42.2 16.7 15.9
81Gr 22.3m c 3.83 £ 0.70 1.32 1.73 2.58 8.82 7.45 3.85
80y 106,3m c 1.70 + 0.27 0.222 0.060 2.78 - 3.85 1.09
84Rb 32,77d i(m+g) 4.99 + 0.34 6.80 3.54 3.59 0.052 2.16 3.69
83Rb 86,2d c 39.8 + 2.9 37.2 29.6 34.6 41.3 27.5 35.8
“Rb 22.9m c* 6.63 + 0.88 3.81 1.69 2.49 8.75 1.95 5.50
TKr 35,04h c 22.6 £ 1.5 24.2 15.4 19.8 32.0 114 27.2
TTKr 74,4m c 8.22 + 0.65 4.94 7.11 6.02 29.2 5.40 5.91
6Ky 14,8h c 2.48 + 0.38 0.811 2.01 3.87 10.0 2.97 2.17
T"Br 57,036h c 189 £ 1.3 22.5 15.4 15.2 29.2 8.02 24.5
"6Br 16,2h i(m+g) 11.4 £ 0.8 14.9 9.44 1.14 17.7 1.25 13.9
"5Se 119,779d c 18.1 + 1.3 18.3 11.1 12.9 24.1 5.16 19.5
72Se 8,40d c 2.93 £ 0.21 1.15 1.17 3.17 15.1 1.95 3.10
T As 17,77d i 3.53 + 0.33 3.76 2.19 2.09 - 0.477 3.30
72As 26,0h i 7.97 + 0.55 9.61 4.97 0.673 0.114  0.755 10.9
TAs 65,28h c 7.77 + 0.52 5.81 3.64 2.49 13.6 1.38 7.69
59Ge 39,05h c 4.66 £ 0.50 5.06 2.76 3.33 9.22 1.48 6.84
67Ge 18,9m c 0.840 + 0.138  0.122 0.081 0.247 0.009  0.300 0.640
67Ga, 3,2612d c 5.28 + 0.52 4.39 2.19 2.19 5.49 0.766 7.05
66Ga 9,49h c* 2.80 + 0.22 2.46 0.886 0.348 4.45 0.283 2.54
657n 244,26d c 4.35 + 0.53 2.91 1.29 1.95 3.04 0.810 5.87
%8Co 70,86d i(m+g) 1.33 £ 0.14 0.211 0.161 0.101 — 0.089 1.91
8y 15,9735d c* 0.333 + 0.029 - - - - 0.012 0.071
24Na 14,9590h c 0.341 + 0.038 - - - - - 0.119
"Be 53,29d i 4.16 £ 0.91 - - - - - 0.845
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Products in *°Tc irradiated with 0.8GeV protons
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Fig. 96: Detailed comparison between experimental and simulated yields of radioactive reaction
products in %Tc¢ irradiated with 0.8 GeV protons. The cumulative yields are labeled -¢ when the
respective independent yields are also shown.
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Fig. 97: The simulated mass distributions of reaction products together with the measured
cumulative and supra-cumulative yields in Tc irradiated with 0.8 GeV protons.
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Table 92: Experimental and calculated yields from %Tec irradiated with 1.2 GeV protons.

Product Ty/2 Type Exp yield Calculated Yields [mbarn]| via
[mbarn] CEM95 LAHET CASCADE HETC INUCL YIELDX
9Ru 2,791d i 4.02 + 0.33 1.30 3.16 1.62 1.90 1.05 1.10
%Ru 1,643h i 1.40 + 0.11 0.908 2.14 1.21 2.46 2.04 0.545
90Mo 5,56h c 3.96 + 0.36 0.404 1.94 6.29 2.74 16.6 15.8
96Nb 23.35h i 3.30 £ 0.38 3.75 2.82 7.05 2.27 7.05 1.90
9%ONb 14,60h  i(ml+m2+g) 25.1 + 2.0 19.0 11.3 3.15 25.0 6.89 14.5
887r 83,4d c 314+ 25 20.4 22.8 31.0 27.9 43.8 15.7
877r 1,68h c 20.5 + 1.9 10.0 14.0 14.4 28.5 30.3 4.30
867y 16,5h c 9.44 + 0.78 2.31 11.0 11.0 30.3 23.1 1.31
88Y 106,65d i(m+g) 13.2 + 3.7 11.2 6.07 5.61 0.739 5.61 9.48
86y 14,74h i(m+g) 22.8 £ 1.7 22.1 10.1 4.19 1.45 7.24 15.4
83Gr 32,41h c 279+ 7.8 17.8 16.7 21.0 29.8 25.4 20.7
81Gr 22.3m c 4.69 + 0.76 1.13 1.20 2.57 5.96 9.47 2.90
80Gr 106,3m c 1.53 £ 0.29 0.067 0.053 2.97 - 5.37 0.796
83Rb 86,2d c 39.6 + 4.2 28.6 23.2 31.3 30.0 30.3 29.1
Rb 22.9m c* 7.62 £ 0.71 3.41 1.41 2.72 7.68 3.01 3.90
Kr 35,04h c 24.2 + 1.9 22.5 17.1 21.4 28.4 17.4 19.2
TKr 74,4m c 10.0 £ 0.9 5.33 9.32 6.65 27.9 8.08 3.99
6Kr 14,8h c 3.76 = 0.89 0.864 2.63 4.53 10.8 5.38 1.43
""Br 57,036h c 23.6 +£ 1.9 23.4 18.8 17.6 28.0 12.4 16.6
"6Br 16,2h i(m+g) 13.7 £ 1.7 16.5 13.8 1.28 18.3 2.30 9.19
7Se 119,779d c 26.7 + 3.3 22.1 17.2 17.8 28.6 9.45 12.8
72Ge 8,40d c 2.49 + 1.10 2.12 3.87 5.78 24.1 4.00 2.20
T As 17,77d i 6.27 £ 0.82 5.04 3.53 2.90 - 1.02 2.22
2As 26,0h i 115 £ 1.1 15.9 11.8 1.03 0.382 1.50 7.72
TAs 65,28h c 13.1 £ 1.1 11.3 10.5 4.64 24.2 2.77 5.59
0As 52,6m i 4.70 £+ 0.66 2.78 2.79 0.261 22.0 0.201 1.66
67Ge 18,9m c 1.53 £ 0.17 0.493 0.582 0.668 - 1.02 0.519
67Ga 3,2612d c 14.8 +£ 2.4 13.6 12.6 5.99 18.6 2.22 5.71
56Ga 9,49h c* 6.79 + 0.63 8.26 5.58 0.872 18.1 0.698 2.12
56Mn 2,5789h c 0.811 £ 0.098  0.168 0.724 0.113 - 0.011 0.321
24Na 14,9590h c 0.911 £ 0.100 - - - - - 0.290
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Fig. 99: Detailed comparison between experimental and simulated yields of radioactive reaction
products in **Tc irradiated with 1.2 GeV protons. The cumulative yields are labeled -c when the
respective independent yields are also shown.
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Mass yields in Tc irradiated with 1.2GeV protons
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Fig. 100: The simulated mass distributions of reaction products together with

cumulative and supra-cumulative yields in *Tc irradiated with 1.2 GeV protons.
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Statistics of sim-to-exp ratios for 1.2GeV proton-irradiated P1c
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Fig. 101: Statistics of the simulation-to-experiment ratios (criterion 2) for *Tc irradiated with 1.2
GeV protons.
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Table 93: Experimental and calculated yields from %Tc irradiated with 1.6 GeV protons.

Product Ty/2 Type Exp yield Calculated Yields [mbarn]| via
[mbarn] CEM95 LAHET CASCADE HETC INUCL YIELDX

9TRu 2,791d i 2.28 + 0.23 1.07 2.35 1.30 1.42 0.663 0.884
%Ru 1,643h i 1.05 £ 0.21 0.517 1.50 1.01 1.59 1.17 0.375
90Mo 5,56h c 2.78 + 0.36 0.505 1.70 5.34 2.55 14.5 14.5
96Nb 23,35h i 2.97 £ 0.28 3.91 2.61 6.51 2.26 6.57 1.90
9%ONb 14,60h  i(ml+m2+g) 19.1 + 1.6 15.5 8.95 2.51 19.6 5.78 14.8
887r 83,4d c 24.3 £+ 2.1 15.3 19.2 26.0 22.3 40.0 16.0
877r 1,68h c 12.8 + 1.6 7.69 11.0 12.5 22.6 26.2 4.42
867y 16,5h c 6.66 £+ 0.59 1.52 8.74 8.71 23.4 21.5 1.35
88y 106,65d i(m+g) 8.00 £ 0.75 8.56 5.19 4.91 0.603 5.25 9.72
86y 14,74h i(m+g) 172+ 1.5 16.8 8.14 3.69 1.23 7.04 15.8
83GQr 32,41h c 20.5 £ 5.7 14.0 12.6 16.8 24.0 25.2 20.3
82Gr 25,55d c 135+ 1.4 5.76 11.0 14.6 25.7 21.7 12.2
81Gy 22,3m c 422 £ 0.73 0.797 1.02 2.23 5.30 10.0 2.88
80Gy 106,3m c 1.49 + 0.31 0.112 0.018 2.50 - 5.67 0.801
84Rb 32,77d i(m+g) 4.20 £+ 0.39 4.16 2.03 3.14 0.096 2.49 3.00
83Rb 86,2d c 28.4 + 2.8 22.9 17.8 25.3 24.1 30.8 28.6
Rb 22,9m c* 5.12 £ 0.55 3.22 1.25 2.38 6.15 3.64 3.96
Kr 35,04h c 20.0 £ 1.8 19.0 14.0 18.1 21.9 19.8 19.5
TTKr 74,4m c 7.72 £ 0.77 4.13 6.89 6.44 22.6 10.3 4.16
6Kr 14,8h c 2.94 £ 0.96 0.809 1.94 5.28 8.27 6.93 1.50
""Br 57,036h c 17.8 £ 1.6 19.0 14.6 16.8 22.6 16.0 17.3
"6Br 16,2h i(m+g) 13.1+ 1.6 13.8 12.0 1.15 15.6 2.59 9.67
"5Ge 119,779d c 214 + 1.8 19.8 14.9 17.9 23.1 13.6 13.6
TAs 17,77d i 4.66 £ 0.51 4.54 3.07 2.94 - 1.71 2.40
72 As 26,0h i 11.3+ 1.3 14.2 11.0 1.36 0.120 2.49 8.55
" As 65,28h c 11.6 + 1.0 11.2 9.34 5.72 21.5 4.51 6.27
0As 52,6m i 2.78 £ 0.57 2.57 2.58 0.227 21.2 0.370 1.89
59Ge 39,05h c 8.92 + 1.82 12.4 9.89 9.30 22.0 5.78 6.07
67Ge 18,9m c 1.43 £ 0.24 0.595 0.406 0.692 0.048 1.70 0.617
7Ga 3,2612d c 13.0 £ 1.2 14.7 11.7 8.02 19.6 3.31 6.80
56Ga 9,49h c* 6.77 £ 0.78 10.2 5.37 1.29 20.2 1.55 2.56
65Zn 244,26d c 128 + 1.4 14.4 11.6 9.27 18.5 3.11 6.20
%8Co 70,86d i(m+g) 6.31 £ 0.56 10.5 8.62 2.47 - 0.360 2.69
56Co 77,233d c 1.56 £ 0.30 5.39 2.24 0.477 12.7 0.101 0.342
56 Mn 2,5789h c 1.12 £ 0.11 0.438 1.08 0.363 - 0.011 0.449
54Mn 312,11d i 7.24 £ 0.81 5.14 8.55 1.15 - 0.056 2.20
8y 15,9735d c* 1.71 £ 0.16 2.04 4.17 0.104 4.47 0.024 0.316
46G¢ 83,79d i(m+g) 1.91 £ 0.27 1.26 3.27 0.238 - 0.023 0.476
Ay 109,34m c 0.443 £ 0.073  0.011 0.088 0.011 - - 0.064
24Na 14,9590h c 1.06 + 0.12 - 0.035 - - - 0.527
"Be 53,29d i 9.89 + 1.77 - - - - - 2.84
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Products in *°Tc irradiated with 1.6GeV protons

EXPERIMENT ¢ HETC<F>=4.30
LAHET<F>=1.80 O INUCL<F>=4.12
YIELDX<F>=2.34 % CASCADE<F>=3.15
CEM95<F>=2.20

N

,_\
o
Oox>n

=
o

,_\
1)
KR

=
o
N

Cross section [mb]
~
HBRA AL I L I LA I L L L

80gy

o) C @B B 0O Y NN Y ES 5SS O E O e B > = 5> =0 0 5 Q9 S
‘ A A B B 7 N N g N
gg %\IOOOOE<<<<U> & FELPL ES gggw%gzgcczn:

D © ~ N
S
< TRR R R ~o~

56Mn<>'~‘

c
=

<

[Te]

SSCO
84Rb

o oo &S
& & 3 & 8 8 &

Vo

o
o
N

<

'“‘41Al’gﬂ‘~_.::‘

o
£z

-3 o
10 -

Fig. 102: Detailed comparison between experimental and simulated yields of radioactive reaction
products in %Tc¢ irradiated with 1.6 GeV protons. The cumulative yields are labeled -¢ when the
respective independent yields are also shown.

Mass yields in T¢ irradiated with 1.6GeV protons
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Fig. 103: The simulated mass distributions of reaction products together with the measured
cumulative and supra-cumulative yields in *Tc irradiated with 1.6 GeV protons.
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Table 94: Experimental and calculated yields from *?Co irradiated with 0.2 GeV protons.

Product Ty/2 Type Exp yield Calculated Yields [mbarn] via
[mbarn] CEM95 LAHET CASCADE HETC INUCL YIELDX
5TNi 35,60h c 0.781 £+ 0.074 1.49 1.45 3.68 1.45 4.54 0.500
%8Co 70,86d  i(m+g)  63.5 £ 5.7 72.2 85.5 89.4 71.5 51.2 71.3
57Co 271,79d c 492 + 4.4 50.8 57.9 51.9 66.2 44.2 40.2
56Co 77,233d c 15.8 £ 1.4 32.0 21.6 8.42 56.2 35.7 8.65
55Co 17,53h c 2.53 £ 0.23 3.97 1.34 3.33 0.910 9.13 2.34
56Mn 2,5789h c 4.54 + 0.41 7.38 3.49 3.23 1.25 18.4 17.6
54Mn 312,11d i 35.8 4+ 3.2 33.4 40.0 10.4 2.94 51.3 59.9
51Cr 27,7025d c 314+29 34.2 22.5 29.8 41.0 30.5 22.7
YCr 42.3m c 2.82 + 0.28 1.11 1.12 1.57 2.86 4.81 1.08
48Cr 21,56h c 0.252 + 0.023  0.044 0.096 0.547 - 0.311 0.136
a8y 15,9735d c 8.43 £+ 0.75 6.56 5.68 1.65 22.0 11.0 4.11
48G¢ 43.67h i 0.186 £+ 0.017  0.149 0.176 0.089 - 1.30 0.433
473 3,3492d i 1.09 + 0.10 0.355 0.638 0.670 - 0.853 1.35
168¢ 83,79d  i(m+g) 2.52 £ 0.26 1.49 1.13 0.615 - 3.69 2.79
433¢ 3,891h c 0.491 + 0.048  0.041 0.080 0.075 - 0.711 0.470
47Ca 4,536d c 0.051 + 0.009  0.010 - 0.021 - 0.027 0.058
43K 22.3h c 0.107 £+ 0.010  0.003 - 0.027 - 0.122 0.216
2K 12,360k i 0.357 = 0.033  0.020 - 0.082 - 0.474 0.515
Ay 109,34m c 0.036 £+ 0.004 - - 0.007 - 0.020 0.077
. 59 . . .
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Fig. 105: Detailed comparison between experimental and simulated yields of radioactive reaction
products in **Co irradiated with 0.2 GeV protons. The cumulative yields are labeled -c when the
respective independent yields are also shown.
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Mass yields in *°Co irradiated with 0.2GeV protons
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Fig. 106: The simulated mass distributions of reaction products together with the measured
cumulative and supra-cumulative yields in **Co irradiated with 0.2 GeV protons.
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Statistics of simulation-to-experiment ratios for 0.2GeV proton-irradiated *Co
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Table 95: Experimental and calculated yields from *?Co irradiated with 1.2 GeV protons.

Product T1/2 Type Exp yield Calculated Yields [mbarn] via

[mbarn] CEM95 LAHET CASCADE HETC INUCL YIELDX NUCLEUS QMD
5TNi 35,60h c 0.274 + 0.021 0.237 0.355 0.574 0.304 0.371 0.047 1.21 0.150
58Co 70,86d i(m+g) 51.3 £ 3.7 56.5 53.9 68.9 58.0 32.1 56.6 70.5 71.9
57Co 271,79d c 27.2 £ 1.9 21.3 23.1 24.1 30.3 22.5 18.0 28.3 20.1
56Co 77,233d ¢ 6.91 + 0.48 11.6 7.75 6.23 20.3 11.4 4.07 15.9 2.30
55Co 17,53h c 1.00 £ 0.08 1.36 0.551 2.25 0.322 2.69 1.09 4.14 0.535
59Fe 44,472d ¢ 0.555 4+ 0.043 0.032 0.902 - 0.059 - - 1.18
56 \in 2,5789h c 5.94 + 0.42 6.07 4.63 11.0 4.64 10.2 6.88 9.69
540\ n 312,11d i 26.8 + 1.9 16.4 19.5 8.22 7.52 20.7 34.5 15.4 19.2
Sl 27,7025d c 29.0 £ 2.2 23.4 17.5 23.7 28.0 19.4 26.9 22.9 17.5
490y 42,3m I 3.64 & 0.30 1.97 1.98 4.84 2.36 6.08 1.97 7.27 0.649
8¢y 21,56h c 0.456 + 0.034 0.205 0.255 3.31 0.004 0.663 0.306 0.778 0.053
48y 15,9735d ¢ 14.9 + 1.0 14.2 12.0 6.25 26.2 18.8 9.21 15.8 8.96
485 43,67h i 0.785 + 0.055 0.394 0.843 0.359 0.020 4.21 0.970 0.869 0.543
473 3,3492d i 4.03 + 0.30 1.75 3.25 2.18 0.048 3.51 3.74 1.68 2.03
465 83,79d i(m+g) 9.91 + 0.70 11.4 6.70 3.38 0.105 13.2 9.56 3.04 7.67
433¢ 3,891h c 4.64 + 0.37 3.46 1.65 3.38 1.01 7.59 3.07 7.95 2.54
47Ca 4,536d c 0.087 + 0.010 0.079 0.109 0.104 0.002 0.165 0.162 0.175 0.013
43K 22,3h c 1.70 4+ 0.12 0.631 0.989 0.845 0.004 2.56 1.45 0.947 0.572
2K 12,360h i 5.15 + 0.38 2.29 2.96 1.59 0.004 12.0 4.13 2.79 3.39
4L Ar 109,34m c 0.929 4 0.068 0.237 0.223 0.598 - 1.22 0.796 0.736 0.508
390 55,6m c 0.608 + 0.045 0.079 0.242 0.199 - 1.18 0.550 0.189
381 37,24m i(m+g) 2.01 + 0.15 0.647 0.929 0.486 - 8.68 1.73 0.834
383 170,3m c 0.064 + 0.006 0.032 0.009 0.072 - 0.150 0.103 0.021
2941 6,56m c 1.48 + 0.20 0.300 1.29 0.247 - 2.52 1.44 0.512
28 Mg 20,915h c 0.264 + 0.019 - 0.009 0.072 - 0.392 0.336 0.084
2T Mg 9,462m c 0.819 + 0.089 0.158 0.178 0.167 - 0.791 0.916 0.491
24N, 14,9590h c 2.13 + 0.16 1.20 2.21 0.215 - 4.17 1.81 0.827
22Na, 2,6019y c 1.35 + 0.16 1.33 1.98 0.112 1.57 2.62 0.964 1.23
"Be 53,29d i 5.52 + 0.52 - - - - - 5.57 - -
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Fig. 108: Detailed comparison between experimental and simulated yields of radioactive reaction
products in **Co irradiated with 1.2 GeV protons. The cumulative yields are labeled -c when the
respective independent yields are also shown.
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Mass yields in *°Co irradiated with 1.2GeV protons
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Fig. 109: The simulated mass distributions of reaction products together with the measured
cumulative and supra-cumulative yields in **Co irradiated with 1.2 GeV protons.
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Statistics of simulation-to-experiment ratios for 1.2GeV proton-irradiated *Co
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Table 96: Experimental and calculated yields from *?Co irradiated with 1.6 GeV protons.

Product Ty/2 Type Exp yield Calculated Yields [mbarn] via
[mbarn] CEM95 LAHET CASCADE HETC INUCL YIELDX
5TNi 35,60h c 0.246 £ 0.020  0.134 0.283 0.502 0.255  0.273 0.039
%Co 70,86d  i(m+g)  50.1 £4.1 52.8 53.0 66.5 57.4 31.8 56.1
57Co 271,79d c 26.0 + 2.1 20.9 22.0 21.5 28.3 22.4 17.6
56Co 77,233d c 6.31 £ 0.50 10.7 7.09 5.03 18.6 10.3 3.99
% Co 17,53h c 0.905 £ 0.076  1.20 0.520 1.78 0.331 2.45 0.931
MFe 44.,472d c 0.583 £ 0.049  0.071 1.30 - 0.329 - -
56Mn 2,5789h c 5.61 £ 0.45 4.86 4.55 10.3 4.32 9.68 5.84
54Mn 312,11d i 24.5 + 2.0 14.0 17.4 8.07 6.84 18.2 29.9
51Cr 27,7025d c 25.3 £ 2.1 19.2 14.8 19.6 24.6 16.5 25.4
Cr 42.3m c 3.25 £ 0.29 1.48 1.86 2.36 1.96 4.85 1.91
48Cr 21,56h c 0.390 £ 0.033  0.142 0.196 1.15 0.002  0.601 0.301
8y 15,9735d c 13.0 £ 1.0 11.6 10.0 3.54 22.8 16.5 9.05
483c 43,67h i 0.693 £ 0.058  0.517 0.629 0.450 0.033 3.62 0.954
4T8¢ 3,3492d i 3.60 £ 0.30 1.53 2.79 2.95 0.070 3.03 3.73
463c 83,79d  i(mtg) 8.84 £0.71 9.36 5.69 3.49 0.150 11.5 9.67
43G¢ 3,891h c 4.22 + 0.37 3.11 1.61 1.90 0.936 6.73 3.24
47Ca 4,536d c 0.099 £+ 0.010  0.040 0.050 0.155 0.002  0.170 0.161
8K 22.3h c 1.64 £+ 0.13 0.683 0.893 1.42 0.009 2.50 1.53
2K 12,360h i 4.81 + 0.39 2.35 2.72 2.22 0.007 10.6 4.42
4LAY 109,34m c 0.918 £ 0.075  0.221 0.333 1.10 0.004 1.01 0.863
39C1 55,6m c 0.630 £ 0.053  0.111 0.210 0.402 - 1.22 0.614
38C1 37,24m  i(m+g) 2.14 + 0.18 0.635 0.966 0.705 - 8.75 1.96
388 170,3m c 0.064 + 0.006 - - 0.124 - 0.194 0.117
29A1 6,56m c 2.36 £+ 0.23 0.343 1.63 0.886 - 3.67 1.78
28Mg 20,915h c 0.353 £ 0.028  0.016 0.009 0.434 - 0.523 0.430
Mg 9,462m c 1.43 + 0.18 0.383 0.228 0.815 - 1.34 1.16
24Na 14,9590h c 2.88 + 0.23 2.29 3.35 0.815 - 6.70 2.39
22Na 2,6019y c 1.74 £ 0.15 2.73 3.73 0.255 4.80 3.96 1.22
"Be 53,29d i 6.58 £ 0.66 - 0.451 - - - 6.41
. 59 . . .
Products in ““Co irradiated with 1.6GeV protons
‘D' 103 W EXPERIMENT<F>=2.00 ]
& E [ CEM95<F>=2.54 E
— [ A LAHET<F>=1.95 ]
S 102 % CASCADE<F>=2.20 4
o F < HETC<F>=5.14 E
© Y INUCL<F>=}.95
g 10 | YIELDX<F>=1.55 o i
] r B t
© 1 E
§) oA
-1,
10 E E|
of
10 ¢ . E
0 822 F3EEFS 5565353828281
E NN S 3§ v ¥ < S Y v g8 g 8 5 v 3 8

N

Fig. 111: Detailed comparison between experimental and simulated yields of radioactive reaction
products in **Co irradiated with 1.6 GeV protons. The cumulative yields are labeled -c when the
respective independent yields are also shown.
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Mass yields in *°Co irradiated with 1.6GeV protons
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Fig. 112: The simulated mass distributions of reaction products together with the measured
cumulative and supra-cumulative yields in *Co irradiated with 1.6 GeV protons.
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Statistics of simulation-to-experiment ratios for 1.6GeV proton-irradiated *°Co
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Table 97: Experimental and calculated yields from *?Co irradiated with 2.6 GeV protons.

Product Ty/2 Type Exp yield Calculated Yields [mbarn] via
[mbarn] CEM95 LAHET CASCADE HETC INUCL YIELDX
5TNi 35,60h c 0.223 £ 0.020  0.106 0.262 0.381 0.147  0.252 0.039
%8Co 70,86d  i(m+g)  47.8 £3.9 47.6 52.4 61.6 55.0 29.7 55.9
57Co 271,79d c 242 £ 2.0 16.0 20.4 18.4 26.4 23.7 17.5
%6Co 77,233d c 5.63 £+ 0.45 7.57 6.26 4.89 16.9 9.35 3.98
%Co 17,53h c 0.762 £ 0.065  0.943 0.400 1.86 0.305 2.12 0.677
Fe 44,472d c 0.537 £ 0.048  0.055 1.50 - 1.55 - -
56 Mn 2,5789h c 4.99 + 0.41 4.64 3.48 10.1 3.74 9.25 4.24
54Mn 312,11d i 21.3 £ 1.8 10.9 14.8 7.11 5.65 15.7 22.3
51Cr 27,7025d c 21.4+ 1.8 15.0 12.5 16.4 20.9 13.4 20.6
Cr 42.3m c 2.61 £ 0.24 1.04 1.32 1.98 1.82 3.97 1.63
48Cr 21,56h c 0.317 £ 0.027  0.106 0.189 1.16 0.004  0.481 0.264
8y 15,9735d c 10.6 £ 0.9 8.77 8.70 3.24 19.2 13.2 7.96
483c 43,67h i 0.625 £ 0.051  0.355 0.699 0.463 0.033 2.91 0.839
4TS¢ 3,3492d i 3.12 £+ 0.26 1.20 2.64 2.81 0.068 2.64 3.37
16S¢ 83,79d  i(mtg)  7.42 £ 0.60 6.96 4.54 2.92 0.105 9.55 8.98
438¢ 3,891h c 3.46 + 0.31 2.48 1.17 1.68 0.801 5.53 3.27
47Ca 4,536d c 0.082 £ 0.010  0.043 0.046 0.216 0.004  0.186 0.146
BK 22.3h c 1.42 + 0.11 0.438 0.777 1.40 0.018 2.15 1.54
2K 12,360h i 4.17 £ 0.35 1.98 2.19 2.06 0.007 8.87 4.57
AT AY 109,34m c 0.836 £ 0.070  0.182 0.211 0.934 0.002  0.926 0.918
391 55,6m c 0.566 + 0.049  0.087 0.198 0.563 - 1.16 0.690
381 37,24m  i(m+g) 1.93 £+ 0.17 0.481 0.662 0.871 0.004 7.69 2.26
388 170,3m c 0.066 £+ 0.007  0.008 - 0.200 - 0.210 0.135
29A1 6,56m c 2.56 + 0.24 0.363 1.80 1.48 - 4.60 2.61
28Mg 20,915h c 0.432 £ 0.035  0.008 0.014 0.740 - 0.848 0.652
2TMg 9,462m c 1.53 + 0.14 0.387 0.225 1.31 - 1.88 1.80
24Na 14,9590h c 3.77 £ 0.31 2.48 3.84 1.85 - 10.9 4.03
22Na 2,6019y c 2.46 + 0.22 3.69 4.53 0.692 8.00 7.10 2.01
"Be 53,29d i 8.78 £ 0.89 - 2.89 - 0.002 - 8.21
Products in *°Co irradiated with 2.6GeV protons
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Fig. 114: Detailed comparison between experimental and simulated yields of radioactive reaction

products in **Co irradiated with 2.6 GeV protons. The cumulative yields are labeled -c when the
respective independent yields are also shown.
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Statistics of simulation-to-experiment ratios for 2.6GeV proton-irradiated *°Co
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Table 98: Experimental and calculated yields from %Cu irradiated with 0.2 GeV protons.

Product Ty/2 Type Exp yield Calculated Yields [mbarn] via
[mbarn] CEM95 LAHET CASCADE HETC INUCL YIELDX
637n 38,47m i 2.17 + 0.33 9.76 3.35 6.57 8.92 6.90 3.16
627n 9,26h i 2.06 + 0.17 3.56 4.46 19.7 3.58 3.41 1.87
61Cu 3,333h c 29.5 + 3.0 43.8 41.3 39.8 65.5 29.9 21.2
60Cu 23,7m c* 8.44 £+ 0.57 11.0 8.60 3.22 7.82 21.5 4.79
57Nji 35,60h c 2.16 + 0.19 2.87 1.51 6.21 3.97 8.64 3.94
56Nji 5,9d i 0.147 + 0.011  0.117 0.115 2.97 - 0.549 0.467
60Co 52714y i(m+g) 9.43 + 1.30 8.26 6.97 3.56 1.36 25.0 18.4
%8Co 70,86d  i(m+tg) < 42.2 4+ 2.8 48.9 42.5 12.9 2.71 56.9 101.
57Co 271,79d c 44.0 £ 2.9 50.5 42.5 41.6 55.2 41.7 78.9
56Co 77,233d c 14.1 £ 0.9 29.7 15.0 8.16 52.1 30.2 18.3
55Co 17,53h c 2.28 + 0.16 3.32 0.777 3.55 0.640 6.78 3.48
MFe 44.,472d c 0.468 + 0.065  0.956 0.436 0.477 0.062 1.18 4.50
56Mn 2,5789h c 1.73 £ 0.11 1.13 1.57 0.423 0.014 7.48 6.74
54Mn 312,11d i 174 £ 1.2 14.6 19.0 4.22 0.029 27.8 28.7
51Cr 27,7025d c 12.8 £ 0.9 7.64 7.78 9.21 15.4 134 18.4
49Cr 42,3m c 1.04 £+ 0.09 0.124 0.345 0.342 0.029 1.32 1.33
48Cr 21,56h i 0.084 + 0.006  0.004 0.034 0.101 - 0.074 0.205
8y 15,9735d c 2.67 + 0.17 0.602 1.17 0.305 0.052 2.97 3.88
473¢ 3,3492d c 0.241 + 0.017  0.067 0.120 0.135 - 0.138 0.533
463c 83,79d  i(m+g) 0.605 £ 0.062  0.074 0.134 0.080 - 0.834 1.16
. 63 . . .
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Fig. 117: Detailed comparison between experimental and simulated yields of radioactive reaction
products in %Cu irradiated with 0.2 GeV protons. The cumulative yields are labeled -¢ when the
respective independent yields are also shown.
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Mass yields in ®3Cu irradiated with 0.2GeV protons
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Fig. 118: The simulated mass distributions of reaction products together with the measured
cumulative and supra-cumulative yields in Cu irradiated with 0.2 GeV protons.
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Table 99: Experimental and calculated yields from %Cu irradiated with 1.2 GeV protons.

Product T2 Type Exp yield Calculated Yields [mbarn| via

[mbarn] CEM95 LAHET CASCADE HETC INUCL YIELDX QMD
637n 38,47Tm i 1.33 £ 0.20 0.247 1.01 0.100 1.00 0.025 0.522 0.060
627n 9,26h i 0.481 =+ 0.053 0.445 0.854 1.31 0.924 0.132 0.204 0.259
61Cu 3,333h c 14.9 £ 1.7 19.6 16.2 20.4 28.6 15.7 9.56 13.0
60Cu 23,7m c* 3.46 £ 0.25 3.48 2.51 4.17 2.80 7.50 2.27 1.18
5TNi 35,60h c 1.18 £ 0.10 1.20 0.652 5.23 2.15 4.10 1.49 0.237
56 Ni 5,9d i 0.086 £ 0.012 0.165 0.075 3.15 - 0.403 0.233 0.051
61Co 1,650h c 5.29 + 1.92 3.77 4.57 9.61 4.84 3.20 1.57 7.08
60Co 52714y  i(m+g)  9.27 + 0.68 5.82 5.85 9.07 4.78 11.1 7.60 8.46
58Co 70,86d  i(m+g) 31.0 £ 2.2 20.7 18.8 8.89 6.14 21.8 37.7 22.7
57Co 271,79d i 27.1 £+ 2.0 20.5 17.5 17.3 29.2 14.2 28.5 13.9
56Co 77,233d c 9.68 £ 0.67 15.0 6.62 6.70 28.4 15.1 9.10 2.70
55Co 17,53h c 1.73 £ 0.13 1.96 0.606 3.91 0.373 4.37 2.13 0.203
59Fe 44,472d c 0.931 + 0.070 0.873 0.667 3.30 0.849 1.09 1.74 2.12
53Fe 8,51m c* 2.19 4+ 0.37 1.65 0.737 4.19 0.060 5.23 2.23 0.395
56 Mn 2,5789h c 2.56 + 0.18 1.14 1.39 1.32 0.238 5.32 3.37 2.66
54Mn 312,11d i 21.7 + 1.5 12.0 15.8 4.21 0.774 20.2 21.5 18.5
51Cr 27,7025d c 28.8 + 2.2 24.5 16.0 25.0 24.9 22.5 25.6 18.6
49Cr 42,3m c 4.08 + 0.34 1.98 2.01 4.79 2.37 6.69 2.78 0.358
48Cr 21,56h c 0.558 =+ 0.041 0.165 0.329 3.31 - 0.676 0.528 -
a8y 15,9735d c 15.2 £+ 1.1 14.9 11.8 6.27 24.0 19.5 9.99 9.71
483 43,67h i 0.581 =+ 0.041 0.428 0.596 0.241 - 3.32 0.405 0.184
475¢ 3,3492d c 3.31 + 0.24 1.40 2.78 1.62 - 3.10 1.68 1.71
463 83,79d  i(m+g) 8.29 + 0.58 9.87 5.90 2.72 - 12.2 4.51 7.56
438¢ 3,891h c 4.72 + 0.87 3.13 1.62 3.18 0.879 7.59 3.43 2.18
47Ca 4,536d c 0.071 4 0.009 0.016 0.056 0.033 - 0.165 0.064 -
BK 22,3h c 1.28 + 0.09 0.428 0.760 0.657 - 2.19 0.630 0.425
12K 12,360h i 4.09 + 0.30 2.08 2.85 1.13 - 10.4 1.85 3.56
AT Ar 109,34m c 0.708 + 0.053 0.099 0.225 0.491 - 0.766 0.345 0.185
3901 55,6m c 0.442 + 0.034  0.066 0.197 0.191 - 0.906 0.234 0.227
38C1 37,24m c 1.50 £ 0.12 0.428 0.822 0.366 - 7.61 0.807 1.32
29A1 6,56m c 1.13 £ 0.14 0.132 1.26 0.233 - 1.70 0.750 0.733
28 Mg 20,915h c 0.195 + 0.014 - - 0.075 - 0.313 0.174 -
27TMg 9,462m c 0.503 £+ 0.074  0.181 0.141 0.158 - 0.676 0.487 0.132
24Na, 14,9590h c 1.73 £ 0.12 0.692 1.47 0.091 - 2.48 1.19 0.638
22Na 2,6019y c 1.39 4+ 0.20 0.857 1.24 0.058 0.641 1.24 1.10 0.429
"Be 53,29d i 5.47 + 0.51 - - - - - 2.40 -
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Fig. 120: Detailed comparison between experimental and simulated yields of radioactive reaction
products in %Cu irradiated with 1.2 GeV protons. The cumulative yields are labeled -¢ when the
respective independent yields are also shown.
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Mass yields in ®3Cu irradiated with 1.2GeV protons
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Fig. 121: The simulated mass distributions of reaction products together with the measured
cumulative and supra-cumulative yields in Cu irradiated with 1.2 GeV protons.

253



Statistics of simulation-to-experiment ratios for 1.2GeV proton-irradiated ®cu
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Table 100: Experimental and calculated yields from ®Cu irradiated with 1.6 GeV protons.

Product Ty/2 Type Exp yield Calculated Yields [mbarn] via
[mbarn] CEM95 LAHET CASCADE HETC INUCL YIELDX
627n 9,26h i 0.328 + 0.036  0.210 0.757 1.20 0.733  0.124 0.204
61Cu 3,333h c 122+ 1.5 17.6 15.4 18.5 27.7 15.9 9.37
60Cu 23,7m c* 2.76 £ 0.23 3.41 2.33 4.03 2.57 7.31 2.23
57Nji 35,60h c 0.824 + 0.069 1.03 0.635 2.87 1.73 3.17 1.36
50Co 52714y i(m+g) 6.74 + 0.55 5.51 5.31 8.81 4.40 10.5 6.78
58Co 70,86d  i(m+g) 23.7+ 1.9 18.4 16.9 7.97 6.17 19.0 34.1
57Co 271,79d c 221+ 1.8 18.4 15.6 17.0 27.0 15.2 27.4
56Co 77,233d c 7.10 £ 0.57 12.5 6.12 4.06 25.7 12.7 8.72
55Co 17,53h c 1.28 + 0.11 1.82 0.400 1.98 0.344 3.74 2.06
59Fe 44.472d c 0.757 + 0.065  0.891 0.785 3.17 0.578 1.04 1.57
56Mn 2,5789h c 2.03 + 0.16 0.973 1.34 1.43 0.314 4.60 3.22
54Mn 312,11d i 16.4 + 1.3 10.1 13.4 4.21 0.863 17.2 21.0
51Cr 27,7025d c 21.7 £ 1.8 19.3 13.8 20.5 21.5 19.1 25.7
9Cr 42.3m c 3.20 + 0.29 1.74 1.79 2.34 2.14 5.66 2.85
8Cr 21,56h i 0.427 £ 0.035  0.165 0.249 1.34 - 0.594 0.546
8y 15,9735d c 11.6 £ 0.9 11.9 9.70 3.87 21.2 17.4 10.3
48Gc 43.67h i 0.483 + 0.039  0.272 0.639 0.335 - 2.97 0.419
47Sc 3,3492d i 2.56 + 0.21 1.32 2.38 2.64 0.010 2.57 1.69
463c 83,79d i(m+g) 6.68 £ 0.55 8.42 5.60 3.06 0.005 10.7 4.77
17Ca 4.536d c 0.064 + 0.009  0.016 0.052 0.168 - 0.141 0.067
48K 22.3h c 1.13 £+ 0.09 0.375 0.808 1.18 - 2.02 0.692
2K 12,360k i 3.57 + 0.30 1.97 2.40 1.83 - 9.66 2.06
4TAY 109,34m c 0.645 + 0.053  0.116 0.273 0.753 - 0.831 0.388
39C1 55,6m c 0.436 + 0.037  0.062 0.160 0.360 - 1.05 0.271
38C1 37,24m c 1.55 £ 0.13 0.478 0.762 0.635 - 8.01 0.949
29A1 6,56m c 1.56 £ 0.17 0.322 1.50 0.685 - 3.02 0.976
Mg 20,915h c 0.245 + 0.020  0.012 0.009 0.283 - 0.460 0.230
2TMg 9,462m c 0.713 + 0.079  0.243 0.244 0.465 - 1.06 0.656
24Na 14,9590h c 2.16 + 0.18 1.49 2.94 0.514 - 4.87 1.55
22Na 2,6019y c 1.45 + 0.13 1.84 3.05 0.151 3.42 2.60 1.44
"Be 53,29d i 5.85 + 0.59 - - - - - 3.84
Products in ®*Cu irradiated with 1.6GeV protons
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Fig. 123: Detailed comparison between experimental and simulated yields of radioactive reaction
products in %Cu irradiated with 1.6 GeV protons. The cumulative yields are labeled -¢ when the
respective independent yields are also shown.
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Mass yields in ®3Cu irradiated with 1.6GeV protons
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Fig. 124: The simulated mass distributions of reaction products together with the measured
cumulative and supra-cumulative yields in ®*Cu irradiated with 1.6 GeV protons.
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Statistics of simulation-to-experiment ratios for 1.6GeV proton-irradiated ®*Cu
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Fig. 125: Statistics of the simulation-to-experiment ratios (criterion 2) for %Cu irradiated with
1.6 GeV protons.
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Table 101: Experimental and calculated yields from ®Cu irradiated with 2.6 GeV protons.

Product Ty/2 Type Exp yield Calculated Yields [mbarn] via
[mbarn] CEM95 LAHET CASCADE HETC INUCL YIELDX
627n 9,26h i 0.336 = 0.035  0.206 0.707 1.04 0.792  0.091 0.204
61Cu 3,333h c 12.6 £ 1.5 13.7 14.4 16.8 25.5 16.0 9.34
60Cu 23,7m c* 2.62 £+ 0.22 2.73 2.21 4.15 2.28 6.59 2.22
5TNi 35,60h c 0.777 £ 0.074  0.891 0.384 2.43 1.38 2.57 1.04
60Co 52714y i(m+g) 8.39 £ 0.88 4.81 4.43 8.48 3.57 10.5 4.79
58Co 70,86d  i(m+g) 23.1+ 1.9 13.9 14.4 6.76 5.18 16.3 25.4
57Co 271,79d c 215+ 1.8 13.6 14.0 13.6 22.4 12.7 20.9
56Co 77,233d c 6.94 £+ 0.57 9.21 5.20 3.56 21.3 10.9 7.02
55Co 17,53h c 1.17 £+ 0.10 1.39 0.370 1.83 0.316 3.04 1.69
59Fe 44.472d c 0.757 + 0.078  0.850 0.560 3.18 0.591  0.832 1.15
56Mn 2,5789h c 1.91 £+ 0.16 0.887 1.12 1.41 0.265 3.94 2.59
54Mn 312,11d i 154 + 1.3 7.86 11.3 3.59 0.797 13.7 17.8
51Cr 27,7025d c 19.8 £ 1.7 14.8 11.0 17.3 17.4 14.9 23.7
9Cr 42.3m c 2.78 + 0.26 1.21 1.29 2.18 1.74 4.55 2.78
48Cr 21,56h i 0.383 + 0.033  0.124 0.228 1.14 - 0.462 0.547
8y 15,9735d c 10.6 = 0.9 9.38 8.37 3.29 17.7 13.9 10.4
48Gc 43.67h i 0.451 &+ 0.040  0.190 0.451 0.292 - 2.40 0.420
47Sc 3,3492d i 2.43 + 0.21 1.13 2.06 2.38 0.010 2.29 1.74
463c 83,79d  i(mtg)  6.37 £ 0.56 6.41 4.40 2.77 0.010 9.03 5.05
17Ca 4.536d c 0.065 + 0.014  0.025 0.043 0.118 - 0.147 0.069
48K 22.3h c 1.10 £ 0.09 0.280 0.717 1.22 - 1.87 0.793
2K 12,360k i 3.51 + 0.30 1.58 2.07 1.83 - 8.60 2.42
4TAT 109,34m c 0.683 + 0.058  0.083 0.218 0.886 - 0.845 0.469
39C1 55,6m c 0.479 + 0.050  0.041 0.128 0.456 - 1.04 0.345
38C1 37,24m c 1.64 + 0.15 0.474 0.570 0.886 - 7.47 1.24
29A1 6,56m c 1.83 + 0.49 0.268 1.60 1.26 - 4.25 1.53
Mg 20,915h c 0.357 + 0.030  0.008 0.009 0.573 - 0.706 0.368
2TMg 9,462m c 1.15 £ 0.15 0.318 0.204 1.13 - 1.75 1.06
24Na 14,9590h c 3.31 £0.28 2.33 3.74 1.49 - 9.46 2.36
22Na 2,6019y c 2.72 £ 0.90 2.99 4.34 0.544 7.11 5.83 2.18
"Be 53,29d i 8.71 + 0.92 - 2.48 - 0.005 - 7.94
Products in ®*Cu irradiated with 2.6GeV protons
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Fig. 126: Detailed comparison between experimental and simulated yields of radioactive reaction
products in %Cu irradiated with 2.6 GeV protons. The cumulative yields are labeled -¢ when the
respective independent yields are also shown.
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Mass yields in ®3Cu irradiated with 2.6GeV protons
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Fig. 127: The simulated mass distributions of reaction products together with the measured
cumulative and supra-cumulative yields in ®*Cu irradiated with 2.6 GeV protons.
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Statistics of simulation-to-experiment ratios for 2.6GeV proton-irradiated ®*Cu
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Table 102: Experimental and calculated yields from ®Cu irradiated with 0.2 GeV protons.

Product Ty/2 Exp yield Calculated Yields [mbarn] via
[mbarn] CEM95 LAHET CASCADE HETC INUCL YIELDX
657n 244,26d 2.88 £+ 0.22 11.2 4.36 3.87 7.10 5.77 4.00
637n 38,47m 4.34 4+ 0.33 2.70 5.11 4.13 16.4 6.07 4.04
6271 9,26h 0.970 + 0.087  0.242 1.41 3.82 0.077 1.10 1.87
64Cy 12,700h 68.1 +4.8 68.5 70.7 93.8 71.3 48.6 79.2
61Cu 3,333h 140 £ 1.5 22.1 19.3 11.7 49.5 19.2 31.5
60Cuy 23,7m 3.10 £ 0.21 3.72 2.36 0.369 5.61 11.3 5.61
57Ni 35,60h 0.572 + 0.040  0.724 0.310 2.61 3.07 4.29 0.643
61Co 1,650h 5.11 + 0.68 8.18 8.09 3.63 1.67 8.85 15.6
60Co 5,2714y 199 £ 1.5 15.0 14.5 5.53 2.34 33.7 35.5
58Co 70,86d 343+ 23 41.8 32.1 13.3 3.15 46.2 62.9
57Co 271,79d 24.6 £ 1.6 30.0 23.1 24.2 45.6 29.4 25.2
56Co 77,233d 5.95 + 0.40 134 6.02 3.08 41.7 16.8 4.59
55Co 17,53h 0.681 + 0.049  0.876 0.184 0.912 0.489 2.96 0.616
59Fe 44.472d 2.65 + 0.19 3.03 1.61 1.43 0.187 1.96 8.40
56Mn 2,5789h 3.49 £ 0.23 2.17 2.24 0.835 0.019 8.41 7.86
54Mn 312,11d 13.1+£ 0.9 9.06 11.5 3.47 0.034 19.8 21.9
51Cr 27,7025d 6.06 + 0.46 2.28 2.75 3.88 0.763 5.51 7.20
8y 15,9735d 0.906 + 0.061  0.188 0.300 0.060 - 0.583 1.27
18G¢ 43.67h 0.055 + 0.006  0.007 0.010 0.007 - 0.119 0.179
17S¢ 3,3492d 0.248 + 0.018  0.033 0.053 0.043 - 0.057 0.582
. 65 . . .
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Mass yields in ®Cu irradiated with 0.2GeV protons
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Fig. 130: The simulated mass distributions of reaction products together with the measured
cumulative and supra-cumulative yields in %Cu irradiated with 0.2 GeV protons.
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Table 103: Experimental and calculated yields from ®Cu irradiated with 1.2 GeV protons.

Product T2 Type Exp yield Calculated Yields [mbarn| via
[mbarn] CEM95 LAHET CASCADE HETC INUCL YIELDX QMD
657n 244,26d i 1.73 £ 0.13 0.236 1.02 0.017 0.861 0.017 0.661 0.250
637n 38,47m i 1.32 + 0.26 0.387 0.811 0.706 2.94 0.564 0.395 0.089
627n 9,26h i 0.219 + 0.027  0.034 0.210 0.595 0.030 0.211 0.183 -
64Cu 12,700h i 61.4 & 4.7 54.1 53.8 70.7 59.1 29.9 63.4 85.8
61Cu 3,333h c 5.42 + 0.62 6.95 5.85 5.32 16.5 5.60 12.2 4.39
60Cy 23,7m c* 1.08 & 0.08 1.04 0.549 0.493 1.64 3.14 2.13 0.275
65Ni 2,51719h c 0.390 + 0.043 0.034 0.806 - 0.106 - - -
57Ni 35,60h c 0.392 + 0.035 0.488 0.215 2.98 1.51 1.89 0.390 0.027
56 Ni 5,9d i 0.356 + 0.084 0.034 0.010 1.93 - 0.126 0.044 -
61Co 1,650h c 6.52 + 0.87 5.86 7.89 10.2 6.07 6.70 6.09 8.13
60Co 52714y  i(m+g) 16.8 & 1.2 8.36 8.97 6.54 5.93 14.1 13.6 9.73
58Co 70,86d  i(m+g) 25.4 + 1.8 18.3 15.4 9.17 7.26 20.2 31.1 18.1
57Co 271,79d i 18.5 + 1.3 16.4 11.9 14.2 24.3 12.0 14.9 9.16
56 Co 77,233d c 5.08 + 0.36 10.3 4.10 4.25 25.4 10.3 3.41 1.13
55Co 17,53h c 0.739 + 0.056 1.11 0.167 2.24 0.438 2.39 0.563 0.045
59Fe 44,472d c 4.19 + 0.33 2.66 2.05 3.31 1.77 2.23 3.28 4.26
53Fe 8,51m c* 1.30 + 0.43 0.656 0.296 2.80 0.030 3.58 0.641 0.158
56\In 2,5789h c 6.04 4+ 0.43 2.59 2.63 1.71 0.695 7.71 5.85 4.62
54Mn 312,11d i 225 + 1.6 13.5 16.2 5.47 1.42 19.6 24.5 16.2
51Cr 27,7025d c 23.5 + 1.8 22.0 14.8 22.5 23.2 20.4 15.0 16.5
19¢r 42,3m c 2.40 + 0.20 1.26 1.29 3.80 1.79 5.03 0.955 0.541
18y 21,56h c 0.260 + 0.019 0.051 0.148 2.32 - 0.547 0.140 0.021
a8y 15,9735d c 11.0 £ 0.8 12.7 9.55 4.58 22.3 17.3 4.86 8.76
18gc 43,67h i 1.21 + 0.09 0.707 0.992 0.357 0.015 4.69 0.688 0.553
47gc 3,3492d i 4.81 £+ 0.35 2.26 3.73 2.15 - 4.10 2.64 2.17
163 83,79d  i(m+g) 9.77 &+ 0.68 11.6 6.89 3.13 - 13.4 6.41 7.57
43¢ 3,891h c 3.10 + 0.76 2.85 1.20 1.94 0.831 5.70 1.57 1.82
47Ca 4,536d c 0.182 + 0.014  0.051 0.076 0.094 - 0.328 0.116 0.141
BK 22,3h c 1.98 + 0.14 0.589 1.06 0.842 - 2.98 0.993 0.999
12K 12,360h i 4.82 4+ 0.35 2.58 3.27 1.32 - 10.9 2.77 4.10
A AY 109,34m c 1.08 + 0.08 0.219 0.320 0.519 - 1.18 0.541 0.268
39C] 55,6m c 0.679 + 0.051 0.067 0.186 0.247 - 1.38 0.337 0.164
38¢1 37,24m  i(m+g) 1.90 £ 0.14 0.438 0.806 0.264 - 7.87 1.08 1.36
38g 170,3m c 0.073 + 0.008 - 0.010 0.034 - 0.235 0.065 0.002
29A1 6,56m c 1.32 £ 0.14 0.168 0.973 0.127 - 1.94 0.951 0.404
28\Mg 20,915h c 0.251 + 0.018 - - 0.068 - 0.293 0.224 0.052
2"T\Mg 9,462m c 0.452 + 0.068 0.152 0.115 0.085 - 0.531 0.625 0.111
24Na, 14,9590h c 1.61 £ 0.13 0.488 1.33 0.068 - 2.36 1.50 0.427
22Na 2,6019y c 1.12 + 0.11 0.354 0.983 0.009 0.513 1.08 0.849 0.102
"Be 53,29d i 4.50 £ 0.42 - - - - - 2.34 -
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Fig. 132: Detailed comparison between experimental and simulated yields of radioactive reaction
products in %°Cu irradiated with 1.2 GeV protons. The cumulative yields are labeled -¢ when the
respective independent yields are also shown.
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Fig. 133: The simulated mass distributions of reaction products together with the measured
cumulative and supra-cumulative yields in ®Cu irradiated with 1.2 GeV protons.
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Statistics of simulation-to-experiment ratios for 1.2GeV proton-irradiated ®cu
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Table 104: Experimental and calculated yields from ®Cu irradiated with 1.6 GeV protons.

Product Ty/2 Type Exp yield Calculated Yields [mbarn] via
[mbarn] CEM95 LAHET CASCADE HETC INUCL YIELDX

657n 244,26d i 1.54 £ 0.15 0.185 0.945 0.028 0.635  0.007 0.661
627n 9,26h i 0.159 + 0.023  0.034 0.258 0.396 0.060  0.066 0.126
64Cu 12,700k i 62.5 £ 5.4 53.0 53.2 69.6 58.8 30.0 62.9
51Cu 3,333h c 4.98 £+ 0.60 6.39 5.04 3.71 15.4 4.81 10.9
60Cu 23,7m c* 0.893 &+ 0.076 1.13 0.559 0.517 1.49 2.73 1.93
5TNi 35,60h c 0.311 + 0.026  0.375 0.139 1.26 1.06 1.64 0.376
51Co 1,650h c 7.40 &+ 0.89 5.84 7.33 10.4 5.46 6.15 5.45
0Co 52714y i(m+g) 15.7 £ 1.3 7.60 8.41 6.37 5.91 12.4 12.2
%8Co 70,86d  i(m+g)  22.0+ 1.8 15.6 14.1 7.23 6.66 16.5 29.7
57Co 271,79d c 15.9 + 1.3 13.6 10.4 12.1 23.2 12.1 14.8
56Co 77,233d c 4.35 £ 0.35 7.89 3.17 2.02 22.2 8.16 3.31
%Co 17,53h c 0.600 & 0.062  0.860 0.186 0.905 0.368 1.81 0.551
59Fe 44.472d c 4.01 £ 0.33 2.22 1.89 3.55 1.60 2.06 2.98
56Mn 2,5789h c 5.53 + 0.45 2.35 2.56 1.87 0.696 6.06 5.68
54Mn 312,11d i 194+ 1.6 11.7 13.4 5.77 1.18 16.3 24.3
51Cr 27,7025d c 20.5 + 1.7 17.7 12.4 19.8 20.6 18.2 15.2
49Cr 42,3m c 2.13 + 0.20 1.05 1.10 1.76 1.86 4.50 0.994
48Cr 21,56h c 0.233 + 0.019  0.072 0.196 0.930 - 0.491 0.147
8y 15,9735d c 9.79 £ 0.78 10.5 8.26 2.84 20.6 15.5 5.11
483c 43,67h i 1.16 £ 0.09 0.619 0.974 0.567 0.020 4.07 0.723
47Sc¢ 3,3492d i 4.60 £ 0.38 1.83 3.33 3.19 0.010 3.63 2.81
46G¢ 83,79d  i(m+g) 9.34 £ 0.75 9.48 6.23 3.46 0.035 12.0 6.90
47Ca 4,536d c 0.174 + 0.017  0.059 0.057 0.261 - 0.246 0.123
43K 22.3h c 2.07 + 0.16 0.581 1.18 1.68 - 2.80 1.11
2K 12,360h i 5.25 &+ 0.43 2.78 2.85 2.16 - 10.8 3.14
4LAY 109,34m c 1.22 £+ 0.10 0.324 0.248 1.03 - 1.21 0.623
3901 55,6m c 0.788 &+ 0.066  0.143 0.205 0.435 - 1.40 0.394
3801 37,24m  i(m+g) 2.23 +£0.19 0.674 0.836 0.657 - 8.95 1.24
389 170,3m c 0.136 = 0.025  0.008 0.010 0.098 - 0.241 0.075
29A] 6,56m c 1.71 £ 0.21 0.287 1.54 0.649 - 3.18 1.27
Mg 20,915h c 0.385 + 0.031  0.008 0.005 0.292 - 0.562 0.304
Mg 9,462m c 1.08 £+ 0.12 0.198 0.234 0.458 - 1.09 0.843
24Na 14,9590h c 2.54 £ 0.21 1.14 2.99 0.376 - 4.17 1.95
"Be 53,29d i 5.68 &+ 0.58 - - - - - 3.75
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Products in °°Cu irradiated with 1.6GeV protons
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Fig. 135: Detailed comparison between experimental and simulated yields of radioactive reaction
products in %°Cu irradiated with 1.6 GeV protons. The cumulative yields are labeled -¢ when the
respective independent yields are also shown.
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Fig. 136: The simulated mass distributions of reaction products together with the measured
cumulative and supra-cumulative yields in ®Cu irradiated with 1.6 GeV protons.
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Statistics of simulation-to-experiment ratios for 1.6GeV proton-irradiated ®°Cu
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Table 105: Experimental and calculated yields from ®Cu irradiated with 2.6 GeV protons.

Product Ty/2 Type Exp yield Calculated Yields [mbarn] via
[mbarn] CEM95 LAHET CASCADE HETC INUCL YIELDX

657n 244,26d i 2.19 + 0.25 0.122 1.09 0.023 1.02 0.007 0.661
627n 9,26h i 0.147 + 0.022  0.034 0.178 0.351 0.030  0.077 0.116
64Cu 12,700k i 60.2 £ 5.4 46.5 53.0 64.5 56.4 27.8 62.6
51Cu 3,333h c 4.06 + 0.51 4.44 4.52 3.05 13.1 3.98 7.74
60Cu 23,7m c* 0.770 &+ 0.070  0.952 0.467 0.562 1.28 2.22 1.40
65N 2,51719h c 0.348 + 0.036  0.046 1.34 - 1.20 -
5TNi 35,60h c 0.251 + 0.023  0.299 0.116 1.01 1.03 1.21 0.308
61Co 1,650h c 6.25 + 1.11 4.93 5.76 9.72 4.61 5.75 3.87
0Co 52714y i(m+g) 144+ 1.3 6.25 6.75 5.37 4.62 10.8 8.92
%Co 70,86d  i(m+g) 19.4 + 1.6 12.0 11.7 5.61 5.43 13.2 23.7
7 Co 271,79d c 13.7 £ 1.2 10.2 8.51 9.48 18.7 9.69 12.1
56Co 77,233d c 3.70 + 0.32 6.25 2.77 1.73 18.1 6.55 2.80
5% Co 17,53h c 0.498 &+ 0.046  0.632 0.135 0.742 0.258 1.46 0.478
9Fe 44.472d c 3.75 £ 0.33 1.96 1.69 3.44 1.24 1.89 2.24
56Mn 2,5789h c 4.92 + 0.41 1.96 2.11 1.91 0.581 5.14 4.79
54Mn 312,11d i 164 + 1.4 9.22 11.6 4.59 1.17 12.9 21.6
S1Cr 27,7025d c 171+ 1.5 134 10.7 16.0 17.9 14.4 14.8
OCr 42.3m c 1.75 £ 0.17 0.864 1.03 1.51 1.64 3.54 1.02
48Cr 21,56h c 0.192 + 0.017  0.038 0.116 0.865 - 0.389 0.155
8By 15,9735d c 8.21 %+ 0.69 8.31 6.66 2.61 17.0 12.8 5.39
48Gc 43.67h i 1.03 £+ 0.09 0.413 0.670 0.511 0.005 3.46 0.764
47S¢ 3,3492d i 4.00 £ 0.34 1.50 2.77 3.10 0.020 3.17 3.05
46G¢ 83,79d  i(m+g) 7.82 £ 0.66 7.53 4.73 3.33 0.045 10.4 7.70
47Ca 4.536d c 0.168 + 0.020  0.072 0.082 0.264 0.005  0.233 0.134
43K 22.3h c 1.91 £ 0.16 0.586 0.891 1.74 - 2.57 1.35
2K 12,360k i 477 £ 0.41 2.09 2.38 2.38 - 9.60 3.90
4TAY 109,34m c 1.20 £+ 0.10 0.253 0.255 1.21 - 1.14 0.794
39C1 55,6m c 0.812 + 0.071  0.122 0.198 0.539 - 1.38 0.512
38C1 37,24m  i(m+g)  2.10 £ 0.19 0.518 0.785 0.902 - 8.78 1.66
383 170,3m c 0.111 &£ 0.011  0.004 - 0.143 - 0.259 0.100
29A] 6,56m c 2.08 £+ 0.22 0.308 1.70 1.31 - 4.70 2.07
Mg 20,915h c 0.531 &+ 0.045  0.008 0.019 0.551 - 0.860 0.520
2TMg 9,462m c 1.30 £+ 0.19 0.308 0.193 1.15 - 1.87 1.42
%4Na 14,9590h c 3.76 + 0.32 1.90 3.86 1.30 - 8.77 2.96
"Be 53,29d i 7.40 &+ 0.80 - 2.38 - - 8.09
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Products in °°Cu irradiated with 2.6GeV protons
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Fig. 138: Detailed comparison between experimental and simulated yields of radioactive reaction
products in %°Cu irradiated with 2.6 GeV protons. The cumulative yields are labeled -¢ when the
respective independent yields are also shown.
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Fig. 139: The simulated mass distributions of reaction products together with the measured
cumulative and supra-cumulative yields in ®Cu irradiated with 2.6 GeV protons.
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Statistics of simulation-to-experiment ratios for 2.6GeV proton-irradiated ®°Cu
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Fig. 140: Statistics of the simulation-to-experiment ratios (criterion 2) for %Cu irradiated with
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Table 106: Experimental and calculated yields from "*Hg irradiated with 0.1 GeV protons.

Product Ti/2 Type Exp yield Calculated Yields [mbarn| via
[mbarn] CEM95 CEM2k LAHET CASCADE HETC INUCL
2027 12,23d i 4.73 £ 0.37 10.4 11.3 9.30 5.29 - 9.18
201 72,912h i(m+g) 13.7 £ 1.1 19.3 19.1 29.4 26.7 10.9 19.1
200 26,1h i(m+g) 23.7+£23 30.6 30.9 32.2 28.3 25.0 24.9
199 7,42h i(m+g) 38.8 + 5.4 41.0 42.5 62.5 50.0 46.2 42.4
1977 2,84h i(m+g) 112. + 37. 64.0 66.0 84.8 84.6 52.0 59.7
1957 1,16h i(m+g) 100. £ 10. 73.9 87.9 101. 121. 80.1 67.6
194 32,8m i(m+g) 125. + 16. 68.6 88.4 36.2 115. 54.7 59.2
203Hg 46,612d c 9.63 £ 0.75 10.5 5.29 8.61 10.7 - 10.1
97Hg 64,14h c 194. + 18. 183. 150. 183. 164. 102. 184.
192Hg 4,85h c 107. £+ 9. 79.5 90.4 82.6 140. 383. 86.5
190g 20,0m c* 8.48 £ 1.96 10.9 14.3 20.5 57.8 26.2 21.8
199 Ay 3,139d c 6.83 £ 0.56 22.8 9.00 17.2 8.50 9.05 26.8
198 Au 2,69517d i(m+g) 7.80 % 0.61 26.7 12.7 17.3 7.80 5.54 24.2
196 Ay 6,183d  i(ml+m2+g)  9.58 + 0.75 29.6 18.8 15.6 5.73 4.34 17.5
195 Ay 186,098d c 284. + 33. 103. 105. 118. 126. 84.5 84.0
194 Ay 38,02h  i(ml+m2+g) 10.6 + 0.9 27.2 15.8 9.76 4.06 2.90 9.09
192 Ay 4,94h c 132. + 13. 93.0 99.4 88.4 141. 383. 89.7
192 Ay 4,94h i(ml+m2+g) 13.3 + 5.2 13.5 8.94 5.78 1.34 - 3.20
191 Ay 3,18h c 58.3 + 9.6 56.5 65.0 81.5 141. 332. 66.5
191py 2,802d c 48.7 + 4.4 44.6 50.1 63.0 104. 245. 49.7
189pg 10,87h c 9.22 + 0.96 3.18 3.74 8.55 18.8 0.170 5.47
18871y 41,5h c 3.55 + 0.37 1.09 1.34 2.65 3.36 - 1.06
18871y 41,5h i 0.217 #+ 0.090 0.041 0.015 0.021 - - -
103Ry 39,26d c 1.05 + 0.09 - - 0.083 0.609 - 0.070
96Nb 23,35h i 0.378 + 0.064 - - 0.041 0.087 - 0.070
97r 16,744h c 0.411 + 0.035 - - 0.062 0.017 - 0.017
9B7r 64,02d c 1.15 4+ 0.23 - - 0.019 0.139 - 0.174
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Fig. 141: Detailed comparison between experimental and simulated yields of radioactive reaction
products in "*Hg irradiated with 0.1 GeV protons. The cumulative yields are labeled -¢ when the
respective independent yields are also shown.
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Mass yields in "Hg irradiated with 0.1GeV protons

Mass Yield [mb]
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Fig. 142: The simulated mass distributions of reaction products together with the measured
cumulative and supra-cumulative yields in "*Hg irradiated with 0.1 GeV protons.
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Fig. 143: Statistics of the simulation-to-experiment ratios (criterion 2) for "*Hg irradiated with
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Table 107: Experimental and calculated yields from "*Hg irradiated with 0.2 GeV protons.

Product Ti/2 Type Exp yield Calculated Yields [mbarn| via
[mbarn] CEM2k LAHET CASCADE HETC INUCL YIELDX
2027 12,23d i 2.00 £ 0.14 6.95 4.09 2.55 — 6.34 2.70
201 72,912h i(m+g) 5.93 £ 0.47 11.3 14.1 14.9 5.45 12.8 5.78
2007 26,1h i(m+g) 9.53 + 0.87 16.8 14.2 13.8 15.1 15.5 10.7
199 7,42h i(m+g) 14.9 + 2.0 21.3 27.8 26.1 27.6 25.9 16.9
19771 2,84h i(m+g) 35.9 + 11.7 25.0 31.8 35.9 29.9 30.0 29.2
195 1,16h i(m+g) 22.9 4+ 2.6 26.9 30.1 38.6 32.6 30.3 34.3
194y 32,8m i(m+g) 22.9 £ 2.3 28.4 11.0 31.6 15.7 23.7 32.9
203Hg 46,612d c 6.80 + 0.48 4.26 7.88 9.90 - 10.5 6.40
97Hg 64,14h c 96.8 &+ 9.4 74.3 90.3 84.8 71.2 99.8 121.
192Hg 4,85h c 83.4 + 6.8 77.0 59.3 97.5 60.7 71.1 67.2
190Hg 20,0m c* 61.9 & 10.8 64.9 67.4 101. 89.5 48.6 36.4
199 Ay 3,139d c 11.8 +£ 0.9 10.8 17.6 15.5 16.8 41.3 25.5
198 Ay 2,69517d i(m+g) 13.2 £ 0.9 14.4 17.6 13.9 9.01 38.2 34.4
196 Ay 6,183d  i(ml+m2+g) 18.7 + 1.4 21.4 18.7 11.6 8.89 34.4 40.7
195 Ay 186,098d c 141. + 15. 48.5 55.3 54.8 41.4 70.0 72.0
194 Ay 38,02h  i(ml+m2+g) 26.9 + 2.0 23.8 21.3 15.6 8.85 31.7 34.7
192 Ay 4,94h c 118. + 14. 105. 84.8 115. 69.7 95.9 94.8
192 Ay 4,94h i(m14+m2+g) 27.8 + 6.5 28.4 25.5 17.1 9.02 24.8 27.5
191 Ay 3,18h c 100. + 8. 127. 124. 149. 116. 98.5 91.9
191 Ay 3,18h i(m+g) 68.6 + 8.6 30.0 31.9 22.3 9.09 23.7 24.4
190 Ay 42,8m c 85.7 + 9.1 93.2 79.6 112. 85.6 63.0 55.2
191p4, 2,802d c 942 + 7.9 111. 107. 118. 88.9 82.0 93.8
189 pt, 10,87h c 85.9 + 7.6 115. 104. 138. 129. 64.2 74.7
187pt, 2,35h c 37.2 + 4.3 49.7 48.3 73.8 109. 24.0 30.0
186 p+, 2,08h c 28.9 + 2.2 31.5 35.6 55.9 122. 15.9 16.7
18871y 41,5h c 64.3 + 6.0 72.0 63.3 90.4 96.3 38.6 47.1
1881y 41,5h i 1.90 + 0.43 1.87 1.68 0.094 0.020 0.172 2.33
1871y 10,5h c 57.8 + 5.9 51.9 51.8 74.1 109. 24.2 32.3
18505 93,6d c 21.6 + 1.5 20.3 28.5 19.7 25.5 8.49 11.8
1820g 22,10h c 6.34 & 0.60 2.99 9.87 3.08 0.145 2.10 3.71
183Re 70,0d c 9.72 + 0.73 6.09 14.9 5.25 0.712 3.16 5.38
182Re 12,7h c 6.76 + 0.70 3.03 9.97 3.08 0.145 2.10 4.07
181 Re 19,9h c* 3.76 + 0.51 1.40 5.13 1.09 - 1.12 2.79
103Ry 39,26d c 1.55 + 0.11 - 0.429 1.80 - 0.610 0.787
96Nb 23,35h i 0.954 4 0.069 - 0.131 1.17 - 0.422 0.499
97y 16,744h c 0.284 =+ 0.020 - 0.201 0.016 - 0.016 0.100
957y 64,02d c 0.956 + 0.075 - 0.295 0.094 - 0.156 0.421
88y 106,65d c 0.461 4 0.037 - 0.224 1.31 - 0.391 2.22
74 As 17,77d i 0.195 4 0.029 - - 0.047 - 0.156 0.255
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Fig. 144: Detailed comparison between experimental and simulated yields of radioactive reaction
products in "**Hg irradiated with 0.2 GeV protons. The cumulative yields are labeled -¢ when the
respective independent yields are also shown.
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Mass yields in "Hg irradiated with 0.2GeV protons
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Fig. 145: The simulated mass distributions of reaction products together with the measured
cumulative and supra-cumulative yields in "**Hg irradiated with 0.2 GeV protons.
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Statistics of sim-to-exp ratios for 0.2GeV proton-irradiated "*Hg
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Fig. 146: Statistics of the simulation-to-experiment ratios (criterion 2) for "**Hg irradiated with

0.2 GeV protons.
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Table 108: Experimental and calculated yields from "*Hg irradiated with 0.8 GeV protons.

Product Ti/2 Type Exp yield Calculated Yields [mbarn| via
[mbarn] CEM2k LAHET CASCADE HETC INUCL YIELDX

20277 12,23d i 0.811 £ 0.070 1.62 1.04 0.450 - 1.64 0.440
200 26,1h i(m+g) 5.00 £ 0.48 4.05 3.80 2.70 2.33 2.93 1.75
199 7,42h i(m+g) 4.70 £+ 0.97 5.03 7.61 3.85 6.14 3.92 2.77
194y 32,8m i(m+g) 6.30 £ 0.74 5.20 2.28 5.45 2.79 3.83 5.44
203Hg 46,612d c 8.99 + 0.62 3.93 9.19 9.59 - 7.38 5.49
192Hg 4,85h C 26.8 £ 2.2 19.0 17.0 26.9 15.3 25.1 28.5
190Hg 20,0m c* 15.8 & 2.0 17.2 17.8 29.8 22.2 21.2 21.3
199 Au 3,139d c 194 + 1.4 10.5 28.6 24.4 38.8 33.5 11.3
198 Ay 2,69517d i(m+g) 18.8 + 1.3 12.7 21.0 22.1 14.5 30.4 14.1
196 Ay 6,183d  i(ml+m2+g) 20.5 + 1.4 16.6 16.8 12.3 11.5 24.5 15.6
194 Ay 38,02h  i(ml+m2+g) 24.9 &+ 2.0 13.2 15.9 12.2 11.1 24.1 15.3
192 Ay 4,94h c 50.6 £ 8.1 32.1 33.8 41.8 27.9 50.9 43.7
192 Ay 4,94h i(m14+m2+g) 24.6 4+ 4.3 13.1 16.9 14.9 12.6 25.8 15.2
191 Ay 3,18h c 44.7 + 3.5 38.1 47.3 51.7 43.1 57.1 52.4
190 Ay 42,8m c 42.7 + 4.2 30.5 27.3 44.7 28.5 45.6 39.1
190 Ay 42,8m i 27.2 + 3.7 14.1 9.85 15.9 7.53 24.7 18.2
191p4, 2,802d c 471 + 4.9 38.4 49.8 50.6 39.9 67.1 57.3
189py 10,87h c 53.8 & 4.3 37.6 48.3 55.3 40.7 64.1 52.2
187pt, 2,35h c 35.8 + 6.6 36.2 39.2 55.5 41.9 58.9 33.9
186 p+, 2,08h c 42.9 + 3.2 34.1 39.2 69.0 39.9 57.8 22.1
1897y 13,2d c 58.3 + 7.7 40.2 52.2 58.7 41.8 71.5 54.8
1881y 41,5h c 62.5 + 6.8 40.7 42.1 62.8 40.0 70.4 48.4
18871y 41,5h i 6.92 £ 0.99 3.49 4.64 3.20 1.55 7.12 3.06
1841y 3,09h c* 49.2 + 4.5 41.6 47.3 65.3 48.2 63.7 19.5
1850g 93,6d c 55.8 + 4.0 42.2 48.4 66.7 37.8 64.2 22.5
18205 22,10h c 58.6 + 4.2 40.2 46.6 59.0 40.0 52.7 23.4
183Re 70,0d c 59.1 + 4.1 43.0 46.9 51.8 36.0 55.4 21.8
182Re 12,7h c 60.0 & 4.5 42.0 47.6 59.7 40.0 53.7 25.7
181Re 19,9h c* 57.9 + 7.7 42.1 48.4 51.8 43.2 46.0 24.0
179Re 19,5m c* 59.2 + 5.9 56.5 57.1 69.3 17.2 51.8 34.4
7TW 135m c 46.9 + 6.4 32.7 41.0 29.1 1.18 23.7 37.9
176y 8,09h c 43.5 + 4.0 42.0 39.7 41.4 44.0 27.3 40.1
174y, 1,14h c 41.9 + 4.4 38.4 34.7 36.2 37.7 20.3 33.7
175 Hf 70d c 44.3 + 3.3 39.7 35.7 36.2 44.8 22.2 33.1
173 1f 23,6h c* 46.9 £ 5.4 42.5 34.8 37.7 51.4 19.3 31.8
L72Hf 1,87y c 343+ 2.4 35.9 32.0 37.4 42.0 16.7 27.8
17214 6,70d i(ml+m2+g) 0.178 4 0.050  0.444 0.640 - - - 0.431
i1y 8,24d c* 35.7 £ 2.5 25.9 31.9 22.7 - 10.6 25.1
1701,y 2,012d c 32.6 + 2.3 30.1 25.9 25.5 38.6 11.6 22.3
169yh 32,026d c 32.4 + 2.2 26.7 24.7 23.1 37.4 8.90 20.1
166y 56,7h c 21.3 + 1.5 20.6 23.4 15.5 33.9 6.80 16.5
167Tm 9,25d c 27.3 £ 5.7 20.6 21.4 13.5 27.2 6.60 16.9
165m 30,06h c 20.4 + 1.6 19.4 18.9 14.7 30.5 5.60 14.5
160y 28,58h c 11.8 + 1.4 9.90 10.4 6.77 19.7 2.32 9.46
157Dy 8,14h c 6.91 £ 0.55 5.32 6.63 3.01 11.2 1.29 6.85
155 5,32d c 5.87 + 0.58 2.43 5.28 1.44 - 1.15 5.62
153Gd 240,4d c 2.85 + 0.55 1.58 3.29 0.752 0.327 0.670 4.47
146Gq 48,27d c 1.29 £ 0.12 0.380 0.784 0.101 - 0.280 2.36
TRy 24,1d c 1.83 + 0.23 0.280 1.18 0.126 - 0.269 1.87
146y 4,61d i 0.430 4 0.219 0.025 0.360 0.018 - 0.036 0.293
139Ce 137,640d c 0.557 + 0.058 0.012 0.320 0.018 - 0.018 0.923
Uity 2,8047d c 0.802 + 0.081 - 0.320 0.917 - 0.324 9.00
103Ry 39,26d c 1.78 £ 0.13 - 0.380 1.13 - 0.252 0.890
9Nb 23,35h i 1.39 4 0.12 - 0.240 1.87 - 0.216 0.548
9B7r 64,02d c 1.03 £ 0.08 - 0.180 0.270 - 0.090 0.142
887r 83,4d c 0.843 + 0.062 - 0.660 4.44 - 1.82 8.37
88y 106,65d i(m+g) 2.46 + 0.23 - 0.300 11.4 - 1.08 3.17
83Rb 86,2d c 2.73 4+ 0.28 - 0.760 8.38 - 2.32 7.99
7TBr 57,036h c 0.983 + 0.176 - 0.400 0.935 - 0.612 5.30
753e 119,779d c 1.31 4+ 0.11 - 0.400 1.19 - 1.18 4.66
T4 As 17,77d i 1.51 + 0.16 - 0.440 0.756 - 0.485 1.91
59Fe 44.,472d c 0.717 4 0.063 - 0.200 0.576 - 0.090 0.721
483 43,67h i 0.380 + 0.042 - 0.120 0.144 - - 0.214
24Na, 14,9590h c 0.303 & 0.042 - - - - - 0.375
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Fig. 147: Detailed comparison between experimental and simulated yields of radioactive reaction
products in "*Hg irradiated with 0.8 GeV protons. The cumulative yields are labeled -¢ when the
respective independent yields are also shown.
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Statistics of sim-to-exp ratios for 0.8GeV proton-irradiated "*Hg
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Table 109: Experimental and calculated yields from "*Hg irradiated with 2.6 GeV protons.

Product Ti/2 Type Exp yield Calculated Yields [mbarn| via
[mbarn]| CEM95 CEM2k LAHET CASCADE HETC INUCL YIELDX

200 26,1h i(m+g) 2.79 £ 1.43 0.485 0.498 1.73 0.637 2.24 0.346 0.896
203Hg 46,612d c 9.22 + 0.78 6.76 3.21 6.66 8.50 - 5.55 4.90
192hg 4,85h c 14.8 £ 1.5 6.61 6.38 6.45 9.50 8.94 10.5 20.0
198 Ay 2,69517d i(m+g) 162 £ 14 13.5 10.5 15.0 16.0 12.9 21.7 8.65
196 Ay 6,183d  i(ml4m2+g) 171+ 14 9.41 13.2 9.80 8.72 8.80 18.4 10.1
194 Ay 38,02h  i(ml4+m2+g) 20.8 + 2.1 7.40 8.54 8.27 5.82 8.04 13.0 10.7
192 Ay 4,94h c 34.8 + 5.1 13.6 13.1 13.9 16.4 16.2 22.5 31.8
192 A 4,94h i(ml4m2+g) 17.6 £ 2.7 6.97 6.73 7.40 6.93 7.26 12.0 11.8
191 pg 2,802d c 26.0 + 3.0 17.7 16.0 20.9 20.8 22.8 29.9 50.0
189py, 10,87h c 29.0 £ 3.5 16.2 14.3 17.5 22.8 21.1 28.4 50.3
186 py, 2,08h c 17.6 + 1.6 12.9 11.9 13.0 24.8 17.4 26.4 20.6
1897y 13,2d c 27.6 + 3.6 19.1 15.9 19.8 25.0 22.1 34.5 52.6
18871y 41,5h c 28.1 + 3.7 18.3 15.6 15.9 24.4 19.0 34.9 47.8
18871y 41,5h i 3.02 £ 0.88 3.46 1.85 2.53 1.80 1.30 5.28 2.97
18471y 3,09h c* 20.8 + 1.8 14.6 14.2 15.9 26.8 21.1 32.4 18.5
1850 93,6d c 25.8 + 2.1 18.5 15.4 16.5 28.0 16.5 35.6 22.2
18205 22,10h c 28.3 + 2.3 16.5 13.8 15.8 25.6 18.2 32.8 25.1
183Re 70,0d c 25.9 + 2.3 18.1 15.5 16.5 24.1 16.9 34.0 22.8
182Re 12,7h c 28.6 + 2.8 18.6 14.8 16.3 26.5 18.3 34.6 27.4
181Re 19,9h c* 19.8 + 3.4 19.1 16.0 16.9 27.0 21.5 35.8 28.1
179Re 19,5m c* 24.5 + 6.2 20.8 19.0 19.9 31.2 11.5 40.3 38.4
178y 21,6d c 17.7 £ 2.5 17.1 14.4 15.1 26.6 17.6 31.9 37.7
ALY 135m c 19.0 + 2.7 14.8 10.7 13.2 15.1 1.60 23.9 37.7
176y, 8,09h c 19.9 + 2.4 17.3 14.9 14.2 23.0 18.8 30.2 43.7
174y, 1,14h c 22.1 4+ 2.5 16.7 14.2 13.5 23.2 15.8 29.2 36.5
175 f 70d c 21.3 £ 1.9 18.7 14.4 12.6 22.3 19.7 28.9 35.3
173 gf 23,6h c* 25.5 + 2.3 20.3 16.5 14.3 25.1 21.6 29.9 35.2
172Hf 1,87y c 19.1 + 1.6 18.0 14.4 12.8 25.5 18.3 28.3 31.5
Ty 8,24d c* 22.3 £ 1.9 18.7 11.2 12.6 17.5 0.424 22.7 29.2
1701,y 2,012d c 20.5 + 1.8 18.1 13.6 10.9 21.4 17.6 24.0 26.6
169yh 32,026d c 219 + 1.9 17.8 12.9 11.7 21.4 18.0 23.6 24.6
166yh 56,7h c 20.0 + 1.8 18.6 12.5 12.2 19.2 18.3 21.2 22.2
167Tm 9,25d c 21.5 + 3.0 19.0 11.8 11.1 17.6 14.3 18.6 22.0
165y 30,06h c 21.7 + 2.2 20.1 134 10.7 21.5 17.3 21.7 20.2
161Tm 33m c* 17.0 + 3.1 19.0 14.1 8.80 22.6 20.0 16.2 15.1
160y 28,58h c 21.1 + 2.6 18.4 13.7 10.1 22.3 16.9 18.3 16.0
157Dy 8,14h c 19.6 + 1.8 19.6 12.8 9.65 20.5 16.6 14.2 13.1
152Dy 2,38h c 11.9 + 1.0 12.8 8.32 6.63 11.5 4.06 9.65 9.46
1557, 5,32d c 18.4 + 1.9 16.5 8.57 10.1 13.5 - 13.1 11.8
153Gd 240,4d c 15.5 + 1.9 16.3 9.21 8.26 13.5 1.65 11.9 10.3
151Gd 124d c 13.6 + 1.5 16.6 11.2 8.11 16.8 12.5 10.7 8.87
146 Gq 48,27d c 16.0 + 1.4 17.9 15.1 6.39 21.4 18.8 10.0 8.02
148 Fy 54,5d i 0.725 + 0.062 1.26 0.386 1.09 0.400 - 0.491 0.309
7Ry 24,1d c 18.8 + 1.6 17.9 10.3 8.62 11.9 18.7 8.98 6.30
146 Fy 4,61d i 2.59 + 0.23 3.64 1.30 3.17 1.11 - 1.98 1.10
M45Fy 5,93d c 13.2 + 1.2 19.0 14.8 8.28 18.3 19.2 8.28 6.96
136 Nd 50,65m c 9.34 £ 1.09 9.74 10.4 5.84 12.8 18.5 3.57 1.56
139Ce 137,640d c 14.7 + 1.3 18.1 12.9 11.4 17.0 18.2 7.06 5.47
135Ce 17,7h c 12.9 + 1.3 16.4 11.5 8.77 13.7 17.6 5.69 3.82
130Ce 25m c 6.53 £ 0.65 4.79 7.75 - 5.59 - 1.28 1.21
1318, 11,50d c 10.9 + 0.9 14.4 10.9 11.7 10.7 16.6 4.65 3.27
129Cg 32,06h c 12.1 + 1.2 13.1 10.5 10.2 9.72 18.0 3.72 3.11
127Xe 36,4d c 9.61 + 0.79 12.0 9.85 11.9 8.66 17.4 2.40 2.68
123%e 2,08h c 104 + 1.2 7.91 8.53 6.09 5.39 15.2 1.53 3.43
17Te 62m c 5.09 £ 0.51 4.01 5.65 7.20 3.02 10.7 0.491 2.07
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Table 109, cont’d.

Product Ti/2 Type Exp yield Calculated Yields [mbarn| via
[mbarn| CEM95 CEM2k LAHET CASCADE HETC INUCL YIELDX
TI55h 32,1m c* 5.53 £ 0.49 3.29 6.52 10.4 2.69 12.7 0.421 2.84
Hiry 2,8047d c 4.66 + 0.47 2.63 4.67 10.8 3.49 7.55 0.782 10.0
1091n 4,2h C 3.43 £ 0.31 1.67 3.69 5.60 1.78 6.66 0.419 2.10
105 Ag 41,29d c 3.29 + 0.27 0.781 2.81 9.81 1.91 4.47 0.619 13.6
100pg 3,63d c 0.818 =+ 0.082 0.081 1.17 2.77 0.764 2.06 0.764 0.717
103Ru 39,26d C 0.967 £ 0.111 - 0.005 0.503 0.382 - 0.164 0.276
9Ru 2,791d c 2.01 £+ 0.25 0.125 1.29 8.03 1.20 1.47 1.25 10.4
9B7r 64,02d c 0.512 £ 0.046 - - 0.139 0.164 - - 0.041
887y 83,4d c 2.31 £+ 0.21 0.006 0.268 8.15 3.93 0.089 3.28 17.1
88y 106,65d  i(m+g 2.21 + 0.19 0.018 0.187 3.80 5.77 - 0.764 2.85
83gr 32,41h c 1.66 &+ 0.79 - 0.109 4.27 2.88 - 2.87 11.2
825y 25,55d c 0.945 + 0.101 - 0.050 2.91 1.42 - 1.82 7.21
84Rb 32,77d  i(m+tg 2.08 + 0.18 - 0.036 1.94 4.46 - 0.965 1.49
83Rb 86,2d c 4.19 £ 0.42 - 0.163 8.44 8.34 - 4.42 15.4
7Br 57,036h c 2.50 + 0.25 - 0.048 4.61 3.00 - 2.62 13.2
753e 119,779d c 2.69 + 0.23 - 0.023 4.44 4.68 - 3.80 12.2
4As 17,77d i 1.97 £ 0.21 - 0.005 1.84 1.69 - 1.27 2.52
657n 244,26d c 1.88 + 0.17 - - 2.36 2.17 - 2.31 10.2
59Fe 44,472d c 1.23 £ 0.11 - - 0.416 0.619 - 0.145 0.924
54Mn 312,11d i 1.74 £ 0.14 - - 1.60 0.546 - 0.582 6.22
51cy 27,7025d c 1.26 + 0.14 - - 1.35 1.07 - 0.983 5.27
a8y 15,9735d c 0.419 + 0.034 - - 0.659 0.018 - 0.164 2.03
48g¢ 43,67h i 0.843 + 0.092 - - 0.451 0.382 - 0.036 0.495
463¢ 83,79d  i(m+g)  1.82+0.16 - - 0.832 0.491 - 0.200 3.65
28Mg 20,915h c 1.18 £ 0.11 - - - - - - 0.924
24Na 14,9590h c 4.46 + 0.37 - - 0.382 0.018 - - 2.51
22Na 2,6019y c 0.677 £ 0.071 - - 0.035 - - - 1.45
Products in “'Hg irradiated with 2.6GeV protons
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Fig. 150: Detailed comparison between experimental and simulated yields of radioactive reaction
products in "*Hg irradiated with 2.6 GeV protons. The cumulative yields are labeled -¢ when the
respective independent yields are also shown.
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Fig. 151: The simulated mass distributions of reaction products together with the measured
cumulative and supra-cumulative yields in "*Hg irradiated with 2.6 GeV protons.

285



Statistics of sim-to-exp ratios for 2.6GeV proton-irradiated "*Hg
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Table 110: Experimental and calculated yields from °°Fe irradiated with 2.6 GeV protons.

Product Ty/2 Type Exp yield Calculated Yields [mbarn] via
[mbarn] CEM95 LAHET CASCADE HETC INUCL YIELDX
5"Co 271,79d c 0.365 = 0.033 - - - - - -
56Co 77,233d 1.02 £ 0.09 0.118 1.04 0.023 1.38 0.039 0.469
55Co 17,53h c 0.274 £ 0.025  0.156 0.363 0.921 0.261 0.122 0.118
53Fe 8,51m c* 2.44 + 0.32 1.44 1.57 4.77 0.908 2.71 3.29
56Mn 2,5789h c 0.861 + 0.072  0.038 1.75 - 1.70 0.001 -
54Mn 312,11d i 32.8 +£2.7 18.2 25.6 24.3 18.8 29.3 45.4
51Cr 27,7025d c 27.9 + 2.4 17.4 16.9 18.6 24.1 13.0 22.1
9Cr 42.3m c 4.00 £ 0.35 1.72 2.06 2.86 1.83 4.23 2.07
8Cr 21,56h c 0.506 + 0.043  0.194 0.327 1.54 0.022  0.584 0.342
a8y 15,9735d c 134411 10.2 10.3 4.30 20.9 12.3 9.16
48Gc 43.67h i 0.428 + 0.039  0.282 0.511 0.543 0.058 2.13 0.898
4TS¢ 3,3492d c 2.69 + 0.23 1.22 2.14 2.66 0.131 1.98 3.76
168¢ 83,79d  i(m+g) 7.18 £ 0.61 6.88 4.58 2.48 0.146 7.47 9.76
43Sc 3,891h c 4.11 4+ 0.37 2.87 1.44 2.16 0.799 5.41 3.95
17Ca 4.536d c 0.067 + 0.017  0.027 0.054 0.238 - 0.107 0.155
48K 22.3h c 1.17 £+ 0.10 0.464 0.538 1.28 0.015 1.43 1.64
2K 12,360k i 3.91 + 0.33 1.80 2.07 1.86 0.044 7.26 4.90
41AT 109,34m c 0.703 + 0.060  0.186 0.184 0.898 - 0.658 0.973
39C1 55,6m c 0.521 + 0.045  0.103 0.121 0.398 - 0.695 0.660
38C1 37,24m  i(m+g) 1.72 4 0.16 0.529 0.672 0.748 - 6.00 2.15
388 170,3m c 0.055 &+ 0.008  0.004 0.004 0.178 - 0.119 0.141
29A1 6,56m c 1.63 £+ 0.30 0.339 1.52 1.60 - 3.57 2.80
2Mg 20,915h c 0.387 + 0.033  0.023 0.004 0.727 - 0.572 0.695
2"Mg 9,462m c 1.56 £ 0.15 0.441 0.242 1.43 - 1.62 1.93
24Na 14,9590h c 3.70 &+ 0.32 2.88 3.82 2.05 - 11.7 4.35
22Na 2,6019y c 3.10 + 0.29 4.49 4.76 0.908 8.39 9.84 2.62
"Be 53,29d i 8.95 + 0.91 - 3.42 - 0.007  0.325 9.04
Products in *°Fe irradiated with 2.6GeV protons
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Fig. 153: Detailed comparison between experimental and simulated yields of radioactive reaction

products in %Fe irradiated with 2.6 GeV protons. The cumulative yields are labeled -¢ when the
respective independent yields are also shown.
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Mass yields in *°Fe irradiated with 2.6GeV protons

EXPERIMENT
CEM95
LAHET B .
YIELDX % ]
CASCADE 4
INUCL 06000 -

[EnN
o
1

S Xxob>U0Om

O

o 00 0

[EEN
o
1
>
©)
@)
@]
hog
>

A XO&

Yield [mbarn]

10 Ll e e e
0 10 20 30 40 50 60

Product mass number

Fig. 154: The simulated mass distributions of reaction products together with the measured
cumulative and supra-cumulative yields in **Fe irradiated with 2.6 GeV protons.
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Table 111: Experimental and calculated yields from °®Ni irradiated with 2.6 GeV protons.

Product Ty/2 Type Exp yield Calculated Yields [mbarn] via
[mbarn] CEM95 LAHET CASCADE HETC INUCL YIELDX

5TNi 35,60h c 30.7 £ 2.6 45.6 44.4 58.8 49.9 33.5 37.7
56Nji 5,9d i 2.56 + 0.21 6.45 6.21 14.4 7.18 4.26 2.75
58Co 70,86d  i(m+g)  6.21 £ 0.52 0.078 2.16 0.005 2.60 - -
57Co 271,79d c 82.1 + 6.7 91.2 92.2 113. 102. 60.2 79.8
57Co 271,79d i 50.8 + 4.4 45.6 47.8 54.3 51.6 26.8 42.1
56Co 77,233d i 33.5 £ 2.8 23.3 27.3 25.3 36.4 42.2 29.7
55Co 17,53h c 11.1 £ 0.9 8.62 7.32 16.7 7.35 11.8 27.6
53Fe 8,51m c* 4.12 £ 0.78 4.86 3.92 7.84 2.61 8.20 4.89
54Mn 312,11d i 9.90 £+ 0.82 4.88 9.34 3.60 0.809 9.07 10.7
51Cr 27,7025d c 284 £+ 2.5 17.3 15.0 18.3 21.4 15.6 28.7
49Cr 42,3m c 8.08 + 0.74 3.60 3.41 4.25 2.30 7.36 6.85
48Cr 21,56h c 1.65 £+ 0.14 0.748 0.634 2.66 0.102 1.39 1.96
8y 15,9735d c 174+ 14 12.2 11.8 6.42 19.5 17.1 20.1
483c 43 67h i 0.076 + 0.017 1.15 0.119 0.091 - 1.00 0.238
47Sc 3,3492d c 0.794 £+ 0.067 0.577 0.876 1.31 0.007  0.980 1.11
46G¢ 83,79d  i(m+g) 3.63 £ 0.30 4.60 2.72 1.67 0.022 5.97 3.25
43G¢ 3,891h c 6.21 + 0.55 3.48 1.80 3.23 0.888 7.79 9.53
43K 22.3h c 0.411 + 0.034  0.125 0.374 0.611 0.007  0.782 0.502
22K 12,360h i 1.94 £ 0.16 0.951 1.47 1.07 - 6.29 1.58
4L AY 109,34m c 0.240 £ 0.021  0.109 0.078 0.450 - 0.383 0.292
39C1 55,6m c 0.183 + 0.019  0.016 0.091 0.234 - 0.401 0.228
38C1 37,24m  i(m+g) 0.886 + 0.078  0.203 0.443 0.434 - 4.94 0.838
29A1 6,56m c 1.28 + 0.15 0.203 1.36 1.23 - 3.47 1.28
28Mg 20,915h c 0.206 + 0.018  0.094 0.018 0.502 - 0.390 0.311
2"Mg 9,462m c 0.710 £ 0.087  0.312 0.187 1.12 - 1.45 0.917
24Na 14,9590h c 2.92 + 0.28 2.76 3.30 1.75 - 11.0 2.60
22Na 2,6019y c 3.64 + 0.32 4.58 5.01 0.941 8.10 8.73 3.70
"Be 53,29d i 124+ 1.3 - 3.33 - - - 10.9

Products in *®Ni irradiated with 2.6GeV protons
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Fig. 156: Detailed comparison between experimental and simulated yields of radioactive reaction
products in °®Ni irradiated with 2.6 GeV protons. The cumulative yields are labeled -c¢ when the
respective independent yields are also shown.
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Mass yields in *8Ni irradiated with 2.6GeV protons
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Fig. 157: The simulated mass distributions of reaction products together with the measured
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Statistics of simulation-to-experiment ratios for 2.6GeV proton-irradiated 5N
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Table 112: Experimental and calculated yields from *Nb irradiated with 2.6 GeV protons.

Product Ty/2 Type Exp yield Calculated Yields [mbarn] via
[mbarn] CEM95 LAHET CASCADE HETC INUCL YIELDX

90Mo 5,56h c 0.584 £ 0.069  0.075 0.483 0.549 0.434  0.154 0.278
9%ONb 14,60h c 21.1+ 1.7 10.5 11.4 5.82 20.3 9.68 17.2
887y 83.4d c 27.8 £ 2.2 12.2 21.4 16.2 24.0 6.97 33.3
877r 1,68h c 13.8 £ 1.6 5.65 11.1 7.69 20.8 5.72 31.0
867r 16,5h c 5.92 + 0.48 1.15 9.04 6.32 19.2 1.51 31.4
88y 106,65d c 40.9 + 3.3 20.4 28.0 22.7 28.7 15.5 66.2
88y 106,65d  i(m+g) 128 + 1.1 8.23 6.68 6.49 4.74 8.58 32.9
86y 14,74h c 233+ 1.9 14.3 17.0 9.47 24.8 8.31 49.8
86y 14,74h  i(m+g) 17.6 + 1.4 13.1 7.97 3.14 5.55 6.80 18.4
83Gr 32.41h c 18.8 £ 3.9 10.7 11.4 12.8 19.5 3.79 22.8
82Gr 25,55d c 12.3 £1.2 4.61 9.73 12.1 18.7 2.88 15.4
81Gy 22,3m c 4.37 + 0.80 0.603 1.06 1.73 3.97 2.97 4.27
81Rb 32,77d  i(m+g)  3.86 £ 0.34 2.80 1.89 2.25 0.539 1.85 4.93
83Rb 86,2d c 28.5 + 2.6 16.6 15.6 19.3 20.1 7.46 33.6
Rb 22.9m c 6.67 £ 0.73 2.20 1.33 2.41 4.74 3.96 6.04
Kr 35,04h c 18.9 + 1.7 13.1 12.0 15.4 174 11.8 25.8
TKr 74,4m c 7.60 &+ 0.65 3.41 6.42 5.97 174 5.70 8.14
6Kr 14,8h c 2.27 + 0.20 0.635 2.05 4.88 6.36 1.32 3.48
""Br 57,036h c 170+ 1.4 13.9 12.7 14.2 17.6 13.3 24.7
6Br 16,2h  i(m+g) 10.6 £ 0.9 10.2 9.56 1.07 11.6 9.09 16.8
7Se 119,779d c 19.6 + 1.6 14.0 12.1 15.7 17.1 10.3 21.4
72Ge 8,40d c 3.62 + 0.44 1.68 2.77 6.71 15.8 2.32 5.51
T As 17,77d i 3.83 + 0.37 2.73 2.08 2.32 0.008 4.86 2.87
2As 26,0h c 149 &+ 1.4 12.1 11.8 8.08 16.0 12.0 18.8
72As 26,0h i 11.3 £ 1.0 10.5 9.06 1.37 0.233 9.72 13.3
T As 65,28h c 11.8 £ 1.0 9.05 7.67 6.30 15.4 9.83 13.2
0As 52,6m c 4.75 £+ 0.49 2.30 2.30 0.893 15.3 7.82 4.56
59Ge 39,05h c 9.65 + 1.22 10.2 8.68 10.6 14.2 10.5 13.0
67Ge 18,9m c 1.91 £+ 0.22 0.614 0.431 1.10 0.016 3.37 1.73
57Ga 3,2612d c 145 £ 1.2 12.0 9.64 9.60 14.4 13.6 14.6
65Ga, 15,2m c 2.32 + 0.60 2.04 0.512 1.34 0.869 3.42 2.38
657n 244,26d c 144 + 1.3 12.3 9.03 12.0 13.5 10.3 12.8
627n 9,26h c 1.44 + 0.23 2.22 0.955 3.17 0.885 4.12 3.14
61Cu 3,333h c 5.19 &+ 0.99 7.50 3.83 3.42 13.6 7.36 3.33
50Cu 23,7m c 0.832 + 0.138 1.49 0.500 0.158 1.66 491 0.723
57Nji 35,60h c 0.207 £ 0.026  0.458 0.075 0.962 0.957 1.89 0.137
%0Co 52714y i(m+g)  9.24 £ 0.99 1.84 2.12 1.64 — 8.67 1.85
58Co 70,86d  i(m+g) 8.97 £ 0.77 12.2 7.66 4.56 - 17.2 6.27
57Co 271,79d c 7.68 &+ 0.66 11.8 6.14 9.29 12.9 12.6 3.85
56Co 77,233d c 2.46 + 0.26 7.67 2.08 1.58 13.6 8.42 1.03
55Co 17,53h c 0.318 = 0.044  0.963 0.132 0.606 0.161 1.76 0.208
59Fe 44.472d c 0.779 + 0.088  (0.242 0.339 0.750 - 0.601 0.404
56Mn 2,5789h c 1.54 £+ 0.14 0.603 0.886 0.750 - 4.31 0.784
51Cr 27,7025d c 7.86 + 0.77 12.8 7.77 10.4 12.2 14.1 4.51
48Cr 21,56h c 0.084 + 0.010  0.027 0.086 0.337 - 0.324 0.072
8y 15,9735d c 3.44 £ 0.28 6.88 5.23 1.12 12.0 114 1.83
48Sc 43.67h i 0.388 £+ 0.033  0.151 0.633 0.226 - 3.39 0.138
4TS¢ 3,3492d c 1.62 + 0.14 0.823 2.27 1.62 - 3.18 0.596
46G¢ 83,79d  i(m+g) 2.91 £ 0.26 5.07 4.03 1.66 - 10.0 1.05
48K 22.3h c 0.760 & 0.080  0.162 0.719 0.685 - 2.47 0.207
2K 12,360h i 1.79 £ 0.17 1.07 1.85 0.829 - 8.20 0.647
ATAY 109,34m c 0.505 + 0.058  0.032 0.178 0.420 - 0.920 0.136
39C1 55,6m c 0.464 + 0.086  0.027 0.161 0.162 - 1.12 0.115
2Mg 20,915h c 0.326 + 0.037  0.032 0.006 0.093 - 0.418 0.224
2TMg 9,462m c 0.634 + 0.140  0.038 0.178 0.136 - 0.803 0.625
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Table 112, cont’d.

Product T2 Type  Exp yield Calculated Yields [mbarn] via

[mbarn] CEM95 LAHET CASCADE HETC INUCL YIELDX
22Na 14,9590h C 2.50 + 0.21 0.135 2.50 0.111 - 3.33 1.30
"Be 53,29d i 10.0 £ 1.1 - - - - 0.004 6.61

Products in **Nb irradiated with 2.6GeV protons
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Fig. 159: Detailed comparison between experimental and simulated yields of radioactive reaction
products in ®Nb irradiated with 2.6 GeV protons. The cumulative yields are labeled -¢ when the
respective independent yields are also shown.
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Mass yields in %Nb irradiated with 2.6GeV protons
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Fig. 160: The simulated mass distributions of reaction products together with the measured
cumulative and supra-cumulative yields in **Nb irradiated with 2.6 GeV protons.
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Statistics of simulation-to-experiment ratios for 2.6GeV proton-irradiated %Nb
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Fig. 161: Statistics of the simulation-to-experiment ratios (criterion 2) for »*Nb irradiated with
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Table 113: Experimental and calculated yields from 2°®Pb irradiated with 1.0 GeV protons.

Product Ty/2 Type Exp YIELD Calculated Yields [mbarn] via
[mbarn] CEM95 CEM2k LAHET CASCADE-INPE CASCADE HETC INUCL YIELDX

206 g 6,243d i 4.60 %+ 0.29 2.71 3.90 7.51 2.65 2.71 5.73 1.78 2.41
205B; 15,31d i 6.20 + 0.40 2.53 3.58 8.30 3.18 4.14 4.95 2.72 3.51
204 ; 11,22h i(ml+m2+g) 5.29 £+ 0.80 2.60 4.13 6.11 3.03 3.44 3.87 2.72 4.30
2034 11,76h i(m+g) 4.84 £ 0.59 3.19 3.93 6.85 3.15 4.83 5.02 3.22 4.66
203py, 51,873h c 31.5 + 2.1 22.5 22.0 27.3 23.4 22.3 21.8 24.0 28.7
201 pp, 9,33h c* 26.9 & 2.4 15.5 18.8 22.3 18.5 19.0 20.0 19.8 27.7
200py, 21,5h ¢ 18.2 + 1.2 13.9 18.9 24.1 18.2 21.7 19.7 23.5 26.5
198 py, 2,4h c 8.86 + 2.11 11.8 15.7 18.5 15.6 21.3 19.5 18.5 23.0
202 12,23d ¢ 18.8 + 1.2 33.4 33.6 45.0 35.0 33.1 31.0 45.2 36.8
201y 72,912h c 43.7 + 2.9 31.7 34.5 44.7 34.9 34.9 36.1 47.5 42.0
200 26,1h ¢ 40.6 &+ 2.6 27.6 32.0 39.0 31.1 34.5 30.5 45.8 36.1
200 26,1h i(m+g) 22.7 £ 1.5 13.8 13.0 15.0 12.9 12.8 10.8 22.4 9.63
199 7,42h ¢ 38.5 & 5.2 26.5 28.7 35.6 31.1 34.3 29.7 43.0 34.4
203 Hg 46,612d c 4.03 % 0.27 4.35 1.48 4.28 4.95 4.22 3.91 8.40 0.514
192y 4,85h c 35.2 + 2.8 27.1 30.5 17.3 37.2 47.7 29.0 44.8 9.13
198 Ay 2,69517d i(m+g) 2.11 £ 0.22 2.97 1.52 2.00 1.40 1.75 0.932 4.22 0.789
196 Ay 6,183d i(ml+m2+g) 4.13 £ 0.35 4.12 2.74 2.86 2.26 2.84 1.38 6.30 1.91
195 Ay 186,098d ¢ 48.7 &+ 5.5 25.7 26.6 28.5 30.0 40.2 28.2 43.7 21.9
194 Au 38,02h i(ml4+m24g) 7.06 £ 0.75 6.84 4.79 5.27 3.21 4.11 1.90 8.77 3.30
192 Ay 4,94h c 46.9 + 6.6 36.3 37.7 25.6 41.8 52.7 30.8 55.7 13.8
192 Ay 4,94h i(ml14m24g) 11.6 + 1.7 9.18 7.20 8.23 4.60 5.00 1.75 10.9 4.70
191pg 2,9d c 40.1 + 4.4 43.0 40.4 30.2 44.6 54.7 35.7 52.8 16.5
189pg 10,87h c 46.8 + 4.8 45.0 39.0 33.0 42.4 54.3 37.3 47.8 18.8
186 py 2,0h c* 34.5 + 2.4 36.1 35.5 32.2 37.2 63.2 24.1 33.5 19.1
18871, 41,5h c 43.2 + 3.2 47.2 40.8 33.0 42.4 58.7 34.5 46.6 25.6
1881y 41,5h i 2.93 £ 0.69 6.02 2.18 3.27 0.650 1.28 0.148 1.74 2.63
18471, 3,09h c* 39.5 + 3.0 40.2 38.2 37.8 34.8 44.2 39.6 29.7 30.0
1850¢ 93,6d c 41.8 + 2.8 45.0 39.5 38.8 36.0 44.6 12.0 33.0 35.2
1820¢ 22,10h c 42.0 + 2.8 42.7 38.1 38.3 33.5 41.7 21.0 25.2 44.4
183Re 70,0d c 41.7 £ 2.9 47.5 39.9 39.2 32.2 36.1 11.4 27.1 41.8
181Re 19,9h c 43.1 + 5.9 41.9 38.9 38.7 30.7 36.5 34.7 21.9 32.5
179Re 19,7m c* 48.2 + 4.2 38.2 37.1 33.5 28.4 30.7 1.57 17.2 26.6
177y 135m c 30.1 + 3.5 30.4 25.7 28.9 22.5 16.4 0.074 10.8 25.9
176y 2,5h c 28.0 + 3.9 34.3 36.6 20.3 25.9 29.2 37.6 12.5 23.9
176, 8,09h c 35.0 + 3.6 38.1 37.8 30.7 26.2 29.4 37.6 12.7 25.5
172mq 36,8m c* 17.3 + 2.3 19.1 31.0 22.4 19.6 24.2 34.7 7.47 15.9
175 gt 70d c 31.3 &+ 2.3 35.1 35.4 28.4 24.4 25.1 36.4 10.9 22.7
173 ¢ 23,6h c 28.4 + 2.6 30.0 33.4 26.3 21.7 23.7 35.7 7.85 19.0
172 ¢ 1,87y c 24.1 + 1.6 24.1 32.8 24.7 22.0 24.7 34.7 8.30 19.5
171 ¢ 12,1h c 18.2 4+ 2.8 22.4 29.9 23.5 20.1 18.0 33.2 5.70 16.5
17214 6,70d i(ml4m24g)  0.190 + 0.046 1.49 0.444 0.679 0.081 0.019 E 0.093 0.430
17, 8,24d c 26.1 + 1.8 23.0 22.6 24.8 20.0 14.4 - 5.15 17.3
1707, 2,012d ¢ 21.7 4+ 2.9 21.9 29.3 22.0 18.9 19.1 34.1 6.06 17.0
169y, 32,026d c 20.9 + 1.5 17.3 25.1 19.8 17.3 16.0 31.4 4.87 15.2
166y 56,7h c 16.1 + 1.1 10.3 19.5 17.9 13.3 11.3 27.8 2.99 12.7
167 m 9,25d c 19.4 4+ 4.0 12.0 19.2 16.5 14.7 9.14 22.8 3.48 12.6
165Tm 30,06h ¢ 14.4 + 1.4 8.25 18.3 14.2 12.3 10.4 26.0 2.56 10.8
160 gy 28,58h c 8.77 + 0.57 2.38 10.4 8.52 5.84 5.14 14.1 1.04 7.63
157py 8,14h c 5.73 + 0.45 0.776 6.05 5.06 3.56 2.60 8.50 0.446 5.72
155 5,32d c 4.16 + 0.39 0.297 3.01 4.20 2.54 1.34 - 0.594 5.26
153Gqd 240,4d c 2.60 + 0.23 0.334 2.14 2.88 1.59 0.732 0.350 0.260 4.14
146 Gq 48,27d c 1.26 + 0.09 - 0.659 0.732 0.390 0.203 0.074 0.185 2.26
147 gy 24,1d c 0.978 + 0.306 - 0.520 0.864 0.424 0.056 0.186 0.074 2.06
146y 4,61d i 0.370 + 0.045 - 0.078 0.288 0.045 - - - 0.416
143pm 265d c 1.02 £ 0.13 - 0.182 0.720 0.171 0.019 - 0.112 2.82
139 e 137,640d c 0.832 + 0.064 - 0.022 0.494 0.027 0.019 - - 1.29
105 0 ¢ 41,29d c 0.646 + 0.119 - - 0.432 0.930 0.947 - 0.781 15.0
105RHK 35,36h c 4.63 + 0.54 - - 0.885 1.61 2.10 - 3.74 1.05
103 Ry 39,26d c 3.84 4+ 0.26 - - 0.638 1.48 1.71 - 3.31 0.624
96N 23,35h i 2.31 + 0.19 - - 0.535 0.993 1.86 - 2.57 0.375
957y 64,02d c 2.34 + 0.15 - - 0.741 0.289 0.279 - 1.32 0.094
887y 83,4d c 0.765 + 0.082 - - 0.659 0.966 5.22 - 2.63 11.2
88y 106,65d i(m+g) 3.41 + 0.25 - - 0.535 4.84 13.9 - 3.14 4.73
86Rb 18,631d i(m+g) 5.48 + 0.66 - - 0.967 2.61 5.24 - 2.67 0.504
83Rb 86,2d c 3.46 + 0.28 - - 1.13 3.67 8.25 - 3.68 11.0
753e 119,779d c 1.34 + 0.09 - - 0.453 1.15 1.65 - 2.22 6.81
74 As 17,77d i 1.86 + 0.18 - - 0.515 1.54 0.966 - 1.41 2.89
59Fe 44,472d c 0.913 + 0.081 - - 0.391 1.46 0.836 - 0.148 1.02
657n 244,26d c 0.785 + 0.193 - - 0.432 0.280 0.483 E 0.836 3.41
463¢ 83,79d i(m+g) 0.355 + 0.062 - - 0.144 0.199 0.186 - - 2.35
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Fig. 162: Detailed comparison between experimental and simulated yields of radioactive reaction
products in 2%Pb irradiated with 1.0 GeV protons. The cumulative yields are labeled -¢ when the
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Statistics of simulation-to-experiment ratios for 1GeV proton-irradiated 2°®Pb
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to-experiment ratios (criterion 2) for *®Pb irradiated with
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Fig. 164: Statistics of the simulation-
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