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Abstract

The c ison of mo s calcul ing excitation functions

was based on the deviations between calculated and measured

excitation functions for about 180 different reactions,

induced by neutrons, protons, 3He and a-particles, with target

nuclei having proton numbers ranging from 13 to 92. In addition,

input parameters and the influence on the form of excitation

functions are discussed.

Zusammenfassung

Gestützt auf die Abweichungen zwischen berechneten und experimen

tellen Anregungsfunktionen werden theoretische Ansätze zur

Berechnung von Anregungsfunktionen verglichen. Die Bewertung

erfolgt auf der Grundlage von 180 experimentell bestimmten

Anregungsfunktionen von Kernreaktionen mit n,p,3He und aals

Projektil auf Targetkerne mit Protonenzahlen zwischen 13 und 92.

Außerdem werden Modellparameter und ihr Einfluß auf die Form

der Anregungsfunktion diskutiert.
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should be
stated that c y and region

ic il of the s i in the

var s c

has to be report which type of
s parameters would give

ion types over a wide range of

nucl . This is the purpose of the present

our

c cu ion

the best results

projecti and

work.

The s mer is based on deviations between

calcu1ated measured exc ation functions~ which inc1udes all
attempts to ain "best- 8" by adjusting the input parameters.

A sample size of icles lished from 1959 to 1972 has been
used 8 purpose. In each of these article8, the authors

have ca1cu1ated excitat functions and compared them to their

own experimental measurements or have taken anotherts experimental

values. 1 shows the range different target nuclei and

projectiles ing nuclear reactions leading to the excitation

~ c and measured, contained in the 30 articles.

This amounts to about 180 measured excitation functions for

to 120 MeV.es

type (---,xn yp za), where 0 ~ x ~ 8,
range of the proton numbers of the

ions is b 13 and 92. The
are neutrons, protons, 3He

ic
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different

o ~ y ~ 3 and
target nuclei
projectiles
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Figure 1. The target nuelei of different reaetions for the

exeitation funetions, eontained in the 30 artieles

used in this survey, are shown. The ordinate is the

proton number (atomie number) Z and the abseissa

the neutron number N. The solid lines show the

neutron and proton magie numbers and the symbols

used to eharaeterize the projeetiles inducing the

reactions are:

0 n X p

6 3He 0 Cl.
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ly compared.
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be agr h , the various

exc at were roughly cate-

classes as described be . Since the input

e ea depend much on the form of
are cont ned, this classification also

c cu

ized into dif

ers 0 en

the equat on in

il es a means

to one c

c

possibly be seen when compared with01"'''''1'1ll'''es coud

of the different models can either be evaluated

technique. Both modes should give

resu s. ion was introduced in order to seeid

whether

one her.

Table I. Cnm'~"+ational categories for ealculating excitation

here only to the evaporation stepeCar
"" ................,........ ion.of

1 Mode of calculation Class K

Compound-equilibrium Analytic 1
inc lar
momentum Monte Carlo 2

Compound- ilibrium ic 3
without angular
momentum Monte Carlo 4

Intra-nuclear- Analytic 11
5

casc
11

evaporat Monte Carlo 6

C tic 7equ

classes,
to t

t e parameters and formulae
model are discussed. For instance,

ical model were disregarded.



In s sect , the bas is outlined on which the

isal of m t rests for the various classes K (i.e. the

di erent methods calculating exc ation functions). For this

purpose one requires cert n magnitudes Which are able to

characterize several aspects of the form of an excitation function.

These were chosen as llows:

M, the maximum cross-section value,

P, the pos ion of M on the energy axis,

FW, the ll-width at one half M,
SL, the low-energy flank's slope at one half M and

SH, the high-energy flank's slope at one half M.

These magnitudes were extracted all the calculated and

corresponding experimentally determined excitation functions

contained in the 30 articles and the relative percentage errors

were calculated as shown in equations 1a to le. The subscripts

are se explanatory.

100Maximum cross section:

Position:

(ll:) =

( ll:) =

M - Mcal exp
Mexp

P P
_c_a_l_::-::-_e_x.....p 100

10 (1b)

Full-width:

Low-energy slope:

High-energy slope:

FW - FW(ll;~) cal exp 100= FW
OV'I"'\
'-Jl..Y

e~;i")
SL - SL

cal=
exp 100

SLexp

(ll::) SH - SHcal
=

exp 100
SHexp

(tc)

(1d)

(1e)

The sign of the equations 1a to 1c were chosen such

that the relative percentage errors are negative if the calculated

values are smaller than the experimental values. In keeping

with this, the indexes of equations ld and le were reversed

because if the relative percentage errors are negative for



experimental ones as a function

in turn me ans that the cross

5

instance this would imply that the calculated cross sections

decrease more rapidly than

of the projectile energy. This

sections are underestimated.

The denominator of equation 1b was set equal to an

arbitrary value of 10 MeV so that the relative percentage error

(6P/P) does not depend on the magnitude of Pexp for a particular

value of the difference (P cal - P exp ).

Für a s
and the

according to equat

n is the number of

artic the class K, the arithmetic means

standard deviations were calculated

2a tü 2e and 3a to 3e respectively, where

the relative percentage errors.

The arithmetic means for the

maximum cross section, n
( 2a)

( 2b)

( 2c)

( 2d)

high-energy slope, (2e)

The corresponding standard deviations for the

f"l( 6
M
M.) -_maximum cross section, o.

(ßtI - (4iJ) 2

n - 1

( 3b)

( 3c)

( 3d)

high-energy slope,
n - 1

For a single pUblication and class K, a total

error - MEAN ~ SD - was determined from the individual errors

and is given by,



MEAN + SD ::

+

5

I~(~I + IQ(~)I + IQ{W) I + IQ(~)I + IQ(WI) I
5

( 4)

+ f·The values MEAN - SD, expressed as percentages, ormed the baS1S

for intercomparison of methods for calculating excitation

functions.
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4.1.

For the on c ses K ::: 1,2, 10 lications were

on number Z ::: 13
used in

h t results range

t 5
t ( u for one

, ich forms the basis

of success of the c eulations

excitat

eh calculat

nuclei

er of

two to twe

ment

element) are us

substanti

react

to Z ::: 79.
these

performed.

to justi

calcu

e, our

rea ng conc

one artic

, are too few experimental data

s about the applied method of

one.

at the bottom

those ealeulated

eh at least possessed the

to

feIe are tauuLa~cu

va s Mexp ' were us
ions listed above.

. It must be stressed that

ions,

e thec cu

exci tat ion

maximum eross-s

target nuc

of the

over eh the

MEAN 1 SD VaLlACO

are to be

left to right

target nuc

per article:

The deviations of calculated excitation functions from

the corresponding experimental values, per class K and article,

are plott in figure 2 for each of the characteristic magnitudes

M, P, FW, SL, The s for (~M/M), (~P/P), (~FW/FW),

are plotted in this order and are

symbols. These values are joined by

article. The error bars correspond to

... etc. The artieles are arranged from

in increasing of the proton number of the

. Furt , at the top of the figure are listed

the class K, the iele number (references of which

in A), the number of experimental

comparison, the Z-range of the

projeetile range (in MeV)

a and caleulations extend. The

distinguished

straight I
+

ionship exists between

eaeh pUblication, regardless

ance, if (~M/M) > 0,
:--:::-::--:-=-=:-:-
(~SL/SL) < ° and (~SH/SH) < 0, i.e.

s means that if the calculated:>

It

the errors
of K ::: 1 or K ::: 2.

i.e. Mcal > Mexp '
SLcal > and SHc
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he the low- s s is simp to

the
not t
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which thus tends 0

excitation ion on t s e.

the sum the

1, withlic ions 7, 1

e the mean
to be about -35 %.

o

e results of the

e

cted to give

on the

beses K :::

t serror t

culati

a much small

flank.

s

esdi

, the MEAN
to K ::: 1 and K ::: 2,

are
s K ::: 1 and K ::: 2 c cu

all

o see whe
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ained

1 resu s

ses K ::: 1 and

cates nos

c

1 error thus

'!'h "" .... '" fore ,

the

+ 34 %

1

• CUUAI>JOb.l. ison

e C

were

40 % and 18result in 22 +-
K ::: 2 t

bias the
h c ses

is 20 + 37 %.- s means that a c culated exc ation function
can be ed to the experimental excitation

function for the magnitudes M, P, FW, SL and SH by

asmuch as -60 % to +60 %, taking a one sigma confidence limit.

4.2. Parameters used

Because influences due to the optic model calculations have been

omitted, the main part in the emission probability for particles

is the density p of levels having a given spin J. The following
equations are used in the pUblications of classes K ::: 1,2:

p(U,J) «a1 / 2 e-3/2 (2J+l)U- 2 eXP[(4aU)1/2] exp[- E~otl (6)

p(U,J) cx a1/2 e-3/2(2J+1)U-5/4exP[(4aU)1/2]exp[- n2~J;lf2)2J

(7)
where

a ::: level density parameter

e ::: moment of inertia
J ::: spin

U ::: excitation energy

E - rotational energyrot -
t ::: thermodynamic temperature

T ::: nuclear temperature

and in Table 11

o ::: pairing energy

~E ::: shell correction energy

r o ::: radius parameter

The controversial parameters in the level density are a, e, 0 and

r o ' which enters into a and 8.

Further, in article 14 the Jackson modell) is used for the

evaporation part (see 6.2.).
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a ::: C ( 8)

where is t number C a const into eh enters.

i li are list le II

Hi"'iw","v",,'1'" , as is
79) •13

~ C ~ 22.0 MeV,
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and caleu

the ehoice

) the y-ray emission
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sr~o~,~rh constant (cf. artic 9).
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reasons: F
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4.2.2

e

of ia s level density formula

the rotat energy Erot . The

is to the rigid b value

is, a nucleus of e shape,

M 1 somewhat and toca
on""'I"'~ies. Although the

~~r-pn, eonsiderable

the high-energy slope

half-maximum height

flank increased

cross seet

nucleon, and A the nucleon number.

s e have on an

as llows (cf. artic 3

was from 0.5 to 1.0
5 exe ation funetion and the

s

t

le t

is

. It was

the c cu

ct was

excitat



Table 11: Values us in the different level dens formulae the e ses K =
artieles are arranged in inereasing order of the Z-range the t

1,2; the
nuelei

I Artiele No. Correetions for the exeitation C [MeV] Moment of inertia emiss str~Hg

(Class K) energy U eq. 8 eie . ::0 [fm]
ant

Eq.1 Pre-exponentiall Exponential rJ.g [erg-4 -J.n eq.9 s
Term

19 (1) 5 ö, Erot 0, Erot 8.0 1.0 -
8 (2) 5 t, <5, Erot 6, Erot 12.3 1.0 1. 22 2.10- 5

2 (1) 6 t, 6 6 8.0 0-1.0 - -
3 (1) 5 0, Erot 6, Erot 6.0-10.0 0.35-1.2 - -

30 (1) none none
Ö Ö

5,6 Ö, l1E Ö, l1E

6, Erot ' llE Ö, Erot,llE 8.0-22.0 0.65-0.9 - -
Ö, Erot <5, Erot

7 (1) 7 IT, 6 6 10.0 1.0 - -
9 (2) 5 t, <5, Erot <5, Erot 6.7-15.0 0.5 -1.0 - 2.10- 5-5.10-7

14 (1) Jaekson model (T=1.66 MeV, see 6.2) - - -
1 (2) 5 t, 6, Erot

I
ö, Erot 7.5 0-1.0 1.25 3'1015

111

16 (1) 5 ö, Erot Ö, Erot 8.4 1.0 1.2 -

111 The artieles 8, 9 and 1 all use the same formalism for the gamma-ray emission strength eonst

However, the value given for artiele 1 differs from the remaining values by faetor eh

not given explieitly.

I-"
I-"
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4. 2 . 4.

In most cases the excitation energy U in the equations 5, 6,
7 is corrected for the pairing effect by means of the term o.
The pairing energy can have a marked effect on the maximum cross

section (cf. article 1). This will be discussed in the next class

of calculations (see 5.2.2). Furthermore, the rotational energy

Erot and a shell correction energy 6E is introduced. In some

cases the thermodynamic temperature t or the nuclear temperature T

is added to the excitation energy U in the pre-exponential term.

The effect dropping the temperature has is uncertain.
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to

..... !lu<::.!. C'''' t

can be us

is

these artic

e

s that this percentage is so

the c ses K = 1,2, because

cts and gamma-ray emission

to narrower exc at ions with steeper high-

is ons ent

obt an idea how mu t

on he e ar
articles is - % is
s to -35 % obt

exclus moment um e

Acrease

1 th 1

ct

t 1

s

parameter a leads to larger

high energy slope. Thus the

and y emission can be

compensated 1 values of a. Therefore in the
classes K = 3,4 in quite smaller values of a were used
(see corres Table 11 and 111). Taking a-values

similar to the level dens y parameters in the classes K = 1,2 the

ions in the high energy slope are very large (see fig. 3,
icles 18 and 19).

In order to compare the class K = 3 and K = 4, the average
of t MEAN! SD were determined. The values obtained were

79 + 77 % and 44 ± 76 % K = 3 and K = 4 respectively. This
difference is mainly due to the large deviations in the high-

energy s e of the above mentioned articles 18 and 19. Disregarding

these two pUblications the mean value for K = 3 is 31 ! 43 %.

An attempt was made to see whether any correlation could be

found the ations (AP/P), (AFW/FW), (ASL/SL) and (ASH/SH)

ln terms of (AMIM). The following rough estimates were obtained

all artic
( IP):: -0.1(

and (ASH/SH) ::

s exc 5, 29, 25 and 26:
M), (AFW/FW) :: -0.3(AM/M),

-2.2(AM ) -30 %.
(ASL/SL) - -1. 2 (AMIM)

5.2.

e The llowing equat for the level density p are used:

p(U) « U-2 exp[(4aU)1/2]

p(U) 0: 5/4 exp[(4aU)1/2]

p(U) oe exp[(4au)1/2]

(10)

(11 )

(12)

exp ions see 4.2.



III: s in the leve y

the classes K = 3,4;
nuclei

articles are

of thetheorderin

the exc
U

I-'T'""-p~irnnn",,r,r.iall

ion

ial

C [MeV]
in eq. 8

19 (3 ) 0 8.0

o, flE 0, flE 8.0

6 (4 ) 12 6 20.0

12 (4 ) 12 0 20.0

13 (4 ) 12 Ö 20.0

11 (4 ) 12 Ö 20.0

18 (3 ) 10 0 <5 8.5

<5, flE o, flE 8.5

4 ( 3) 12 0 37.0

5 (3 ) 12 Ö 38.0

10 Ö 19.0

29 (3) 12 <5 18.0-72.0

27 0) 12 6 18.0-71.0

16 (3) 10 ö 0 8.4-25.0

25 (3) 11 0 0 11.0

26 ( 4) 12 Ö 20.0



5.2.

s C are excepti I

s K :: 1,2 calculat and the

8 MeV to 72,
, i.e. a or of two than

is v

le 111 shows that

to those us

of these

values center

the K :: 1,2 c eulat

CVU.q..JC:U

s

respe

a :: 8

an ex the e to the a- s on

the dev ions M /P), .•. etc., as weIl as the mean of these

errors, 197 a xn)-reactions are shown Table IV. The average

of the mean errors in co 8 of le all the listed

are 29 %, 34 % 59 % a :: 8, 16 and 24 MeV- 1

e . Thus the best I can be obtained with

1 or even a :: 16 1

a "best- t"

the level density parameter chosen to aehieve

to the experimental excitation function data

depends on eh of t level density formula is used. For

example, uÄu~uima et ale 3) used two forms of the level density

as depi by equat 10 and 12 in their calculations of

excitation . If the 1 density parameter used in

equat are ed by a 1 and a 2 respectively, then

they good fits to the experimental results can

be obt both forms of the level density formula if

pairing ied as an energy correction in the

for odd-even nuclear effects. There

ways in which one can arrive at 6-values. The most

are those 4)us

level

are s

Dostrovs at 5) , tigated the influence the pairing

term has on the and the form of excitation functions.

They conc the relat yields of different evaporated

icles are sensit to the pairing energy term, whereas

the c it between reactions I ing to the emission of various

numbers the same icle is more sensitive to the level density

parameter a. also that 0 is not very sensitive to the

choice a.



le IV: e ct

exc

8 -

e

ion

1 dens y

t

er a on the

(a"xn) react
t article 16.

i a (tiM ) ( IP) FW) (llSL/SL) (tiSH/SH) Mean +

[MeV- J [% ] ] [%] [% ] Error
%

(a" ) 8 53 13 1 - 47 91 41

(a,,2n) 16 47 0 - 23 - 75 - 145 58

(a,,2n) 24 43 0 - 33 - 70 - 221 73

(et,3n)

(a,,3n)

(a,,3n)

(a,,4n)

(a,,4n)

(a,,4n)

(a,,5n)

(a,,5n)

(et,5n)

8

16

24

8

16

24

8

16

24

24

24

24

- 9

4

5

34

85

102

22

o

o

39

o

- 24

o

- 20

11

- 12

- 22

22

o

- 11

32

o

- 32

- 20

- 24

- 24

28

4

- 26

- 11

- 94

-151

24

69

- 137

21

16

37

28

49

- 217

20

26

41

24

5

21

32

46

104

+ Mean Error :: l(llM/M)I_~.J(llP/P)I~I(llFW/FW)I+I(llSL/SL)I+\(llSH/SH)1

5
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the course t investigat, that

values d not lead to sat fac agreement

b ed and experimental excitation functions.

There loped a c for systematizing ö values

for reactions the Z-range from 22 to 31, using the

class K = 4 method of calcu ion and equation 12 for the level

density formula. They then applied these ö values to various other

calculated excitation functions. The outcome of these calculations

was that better agreement was obtained than with those using

Cameron's pairing values. However, it was also established that if

they increased the value of r o from 1.5 fm to 1.7 fm in their

equation for the inverse cross section, then the calculations

using Cameron's values gave improved agreement. In fact some of

the calculations were just as good as those obtained with the
special Dostrovsky et ale 5) ö values.
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t es on of the target nuelei

21 to 91.

ete., cannot be eorrelated

C cUlation, sinee both

nrocesses eontribute to the

s also applies to the

the evaporation

), ( IP), •••

e

level dens f
a

us

t

e eulations.

+ n(6P/P), ..• etc.,

culated for

trend the deviations. For

was t is positive
ic 24 (6M/M) is positive,



15 + 34 % 17 + 46 %- -
respect Thus the ac

cal ations are virt the

16 + 40 %. The 1 agreement-
s for the maximum

full-width FW and the

over the whole Z-range from

class K = 5 [articles 23,
was used for the evaporation

seems to yield reliable
68 to 82, i.e. where the

neglected.

is interesti to note that
Jackson 1 1)

c cu ion. s model
results over the Z-region

charg icles may be
c cu
emission

21, 22

6.2. Parameters used

The level density formula used in the evaporation part of these

calculations is t given by equation 12. The model of
Jackson 1), used for calculating neutron emission probabilities

only, does not account for individual nuclear properties. For

tance, does not take the differences of

Table V: es used in the evaporation part of the K = 5,6

cUlations; the articles are arranged in increasing

er of the Z-range of the target nuclei

1 . I I .... I'Art1.cle No. i Corrections for the [MeV] Nuclear temferaturev
(Class K) exc ation energy U in eq. T [MeV

Eq.
I

Exponenti 8term

6 (6) 12 0 20.0 -
11 (6 ) 12 0 20.0 -
24 (6) - - - -

(6 ) 12 6 10.0 -
23 (5) Jackson model 2.4

21 (5) 11 1.95
22 (5) 11 1.8

( 5) 11 1.8
28 (6) 12 Ö I - I -



2 -

the b es neutrons t ous nuclei 0

account, but tone mean . It also assumes a constant

nuclear t T~(cf. arti , figure 4 Table V).
As be seen f 4, t between experiment

~~~Qvion is exc . The suceess of s model is

nOV~Qct in the stress that was laid on the parameters

ace nuclear properties entering into level

i , d cuss the previous sections.



- 23

cu ions have been h

been luded for sake

to the K = 5,6 C cUlations,
are so t into account. The

desc es an equilibration process between

ion of particles

I , the fraction of evaporated

the Weisskopf-Ewing formula. The

number ni particles plus holes and
reactions prior to equilibrium - the so
fraction.

are t init

ion of direct

equilibrium
the

called

F 5 shows the deviations for the class K = 7 calculations.

With the exception of the c culations in the Z-region between 13

and 23, deviations are very small indeed. Therefore these

calculations may prove to account for the direct processes

successfully. However, more comparison with experiment is needed.

Because consistent values for the initial exciton number ni
seem to be oming from the calculations considered here,

it is poss le to surmise that these calculations will, in future,

have one less unknown, z. nie For example, it has been found
that for projectiles such as protons and a-particles, ni = 3 and

n. = 5 respectively, regardless of the nucleon number of the
~

target nucleus.



8

ions

al excitation

about

article.

culations with

excit

th

were

on totals 235.

70 % the articles have

A of

le

used for

6 al excitat

le Data s s s c culat

-_.-.._----- -----_._,-----~-_.~_.. -

Simi Z-range MEAN + SD
c ses exc. . exc. t I)J :J

per article nuclei

1+2 55 5 13-79 20 + 37
3+4 105 5 13-82 62

+ 77
(37 + 60)+-

5+6 6 21-91 16 + 4051 -
24 8 13-83 47 + 767 -

III Taking sigma limita one e
+ See text

articles us for a class cover
-- +-Grand Means MEAN - SD (i.e.

various ions on targets of one element alone. However, the

a large Z-range. Therefore, the
+of the MEAN - SD values

classes) should representative overall errors.

the articles 18 19 in class K :::: 3, for reasons

in 5.1, one Mean for the similar classes
37 + %.

to Tab VI the four sets of
ses are v t same, despite the fact that

ls met s us calculations differ
as to t sophisticat of theory and the number

ters. methods K :::: 5,6 and 1,2 are very time-

consuming e a er memory. Therefore, the

classes K :::: 3,4 and 7 seem to be very suitable for fitting many

excitation ions. But all cases is almost impossible
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to make a rel estimate the input parameters to predict

exc ation over a wide range of target nuclei, react

types and exc ation energies.
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Oe ti f l t it ti n tions for Classes K=1. K=2
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Deviations of Calculated Excitation Functions tor Classes K=3, K=4

Class K 3 4 4 4 4 3 3 3 3 3 3 3 4
Article No. 19 6 12 13 11 18 4 5 29 27 16 25 26
No.Exp. Exc. Func. 7 9 40 12 8 6 6 3 2 2 4 3 3
Z of Targets 13-23 21-30 22-31 32 39 40 47 47 57 58 79 79 82
Energy Range 7-120 10-85 0-50 13-56 5-85 25-80 10-40 10-40 11-40 0-14 19-100 23-52 10-40
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Figure 3. EJ(ßM/M), \7(~P/P). 0(~FW/FW), &(~SL/SL), O(~SH/SH), Error Bars = ±.Q(~M/M), ....



Deviations of Calculated Excitation Functions for Classes K =5, K =6

Class K 6 6 6 6 5 5 5 5 6
Article No. 6 11 24 10 23 21 22 20 28
No.Exp. Exc.Func. 9 8 4 4 3 4 3 13 3
Z of Tarqets 21-30 39 53 59 68 73 77 82 90-91
Energy Range 10-85 5-85 0-80 0-90 6-87 8-84 9-87 8-80 30-80
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Figure 4. ( MIM), VJ llP/PL 0 (llFW/FWL VJ (llSL/SL), <) (llSH/SH): Error Bars =± 52 (llM/M),....



f r l --

eta s s K 7 7 7
Article No. 19 17 15
No.Exp.Exc.Func. 7 11 6
Z of Targets 13-23 23-79 69-83
Energy Range 7-120 20-45 19-100
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Figure 5: Symbols os for Figure 4.




