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Foreword 
 
 
Basic properties of radionuclides such as half-life, decay mode and branchings, as well as radiation 
energies and emission probabilities are commonly used in various research fields. To meet the demand for 
these data the Laboratoire de Métrologie des Rayonnnements Ionisants (LMRI, France) produced a table 
that was published in four volumes that covered the 1982-1987 period. In 1993, a cooperative agreement 
was established between the Laboratoire National Henri Becquerel (CEA- LNHB, France) and the 
Physikalisch-Technische Bundesanstalt (PTB, Germany) to continue and expand this work. In 1995 the 
Decay Data Evaluation Project (DDEP), a new international collaboration with the same objectives, was 
formed.  Along with the evaluators from LNHB and PTB, this collaboration has included others from 
Idaho National Engineering and Environmental Laboratory (INEEL, USA), Brookhaven National 
Laboratory (BNL, USA), Lawrence Berkeley National Laboratory (LBNL, USA), and Khlopin Radium 
Institute (KRI, Russia). The goal of the DDEP collaboration has been to produce carefully evaluated 
radiation properties, which eventually may be accepted as standard data.  Thus, the collaboration has 
adopted a uniform evaluation methodology that emphasizes the following aspects: 
 
 •  Critical compilation and evaluation of relevant publications; 
 •  Accounting of all published experimental results;  
 •  Uniform approach to the statistical analysis of the data; 
 •  Hardcopy or electronic publications of atomic and nuclear radiation properties; 
 •  Evaluation reviews by two other members of the DDEP collaboration. 
 

 Another objective of the DDEP collaboration has been to disseminate these critically evaluated 
data so they may be included in other decay data collections, thus avoiding possible duplication of efforts. 
The collaboration published its first evaluations in two volumes in 1999: one with the recommended data, 
the other with a description of the data analysis.     
 

The DDEP collaboration became larger with new members from the International Atomic 
Energy Agency (IAEA, Austria), Argonne National Laboratory  (ANL, USA), University of Sao Paulo 
(USP, Brazil), National Physical Laboratory (NPL, UK).  At present, DDEP evaluations may be found in 
a Monographie from the Bureau International des Poids et Mesures (BIPM), in NUCLÉIDE, a CD-Rom 
published by the LNHB, and on Internet at: 

 http://www.nucleide.org/NucData.htm 
 

  
 Recently, new scientists from the National Institute for Physics and Nuclear Engineering (IFIN, 
Romania), the Centro de Investigaciones Energeticas, Medioambientales y Tecnologicas (CIEMAT, 
Spain), the National Physical Laboratory (NPL, UK), the Korea Research Institute of Standards and 
Science (KRISS, South Korea), and the Comisión Nacional de Energia Atómica (CNEA, Argentina) have 
expressed their interest in evaluating nuclear decay data. Therefore it seemed useful to organize a training 
workshop for these new members.  This workshop was held at the Commissariat à L’ Énergie Atomique 
(CEA, Saclay, France), from March 6 to March 10, 2006.  Experienced evaluators gave lectures on 
evaluation and statistical analysis of data.  Practical sessions were devoted to the use of pertinent computer 
codes, and some specific evaluations were presented.  Finally, students were invited to talk about the 
evaluations they had prepared.   
 
 Thursday, March 9, a visit of the BIPM (Pavillon de Breteuil, Sèvres) was organized in the 
morning. Professor Giorgio Moscati, President of the CCRI, welcomed the participants and underlined 
the importance of producing carefully evaluated data that may be used as standards.  Also, he encouraged 
evaluators to pursue the publication of another Monographie. The members of the DDEP express theirs 
thanks for their lectures to Professor Moscati, as well as to Carine Michotte and Guy Ratel, also from 
BIPM.    
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csnsm G. Audi

NUCLEAR DATA

� Static Nuclear Data
masses
���� & �

�

excitation energies
decay modes at rest and intensities
decay from excited states
neutron capture cross-sections
magnetic moments & radii
. . .

� Dynamic Nuclear Data
reaction cross-sections
reaction rates
reaction mechanisms
spectroscopic factors
. . .

"Static" Nuclear Data

Z = 1
Z = 2

Z = 3
Z = 4

A
 =

 1
A

 =
 2

A
 =

 3
A

 =
 4

A
 =

 2
91

A
 =

 2
92

A
 =

 2
93

structures
and

decays
(Ensdf)

(NSDD network) 

masses (Ame)

Ame:created by A.H. Wapstra (Amsterdam) in 1959 
since 1981 together with G. Audi (Csnsm − Orsay)

interaction Ame                   Ensdf
=> NUBASE : masses

isomers  Em
T1/2

Jπ
decay modes & intensities

csnsm G. Audi

ISOMERS ANDNUBASE
� gs – isomer identification

if �-emission�NSDD

if no � �decay energy to other nuclide
�� AME

� NUBASE ‘horizontal’ evaluation
half-lives
spin and parities
decay modes
��which state is the ground-state
��which states are involved in a

massrelation
� Other needs for NUBASE

radioactive parameters for calculations
reactors

waste management

nuclear astrophysics

prepare nuclear physics experiment

csnsm G. Audi

“H ORIZONTAL
EVALUATIONS ”

� Atomic Mass Evaluation AME

Wapstra since 1959 + G.A. since 1981
� NUBASE

Blachot, Bersillon, Wapstra, GA (1993)
� Radii, spins and momentsfrom

isotope shifts - hyperfine structure - Otten 1989

. . . isotope shifts: Aufmuth (1987)

. . . moments: Raghavan (1989) + Stone(1999)

. . . radii: Angeli 1991 – Nadjakov 1994

� Isotopic abundances
Holden

� ��� and����� of e-e nuclides
Raman et al.

� . . .
. . .
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Measurement precision

19
30

19
40

19
50

19
60

19
70

19
80

19
90

20
00

10

-1
1

10

-1
0

10

-9

10

-8

10
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10
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csnsm G. Audi

DATA EVALUATION

1 - Data Collection
* hidden data
* all available experimental data

even poor ones (flagged accordingly)

2 - Careful Reading
* evaluate or re-evaluate

calibration procedures & calibrants
accuracies of the measurements

* examine spectra
* selectPRIMARY information

3 - Comparaison
* to previous results

�� direct results
�� combination of other results

* to estimates from extrapolations
(regularity of the Mass-Surface)

* to estimates from models

4 - Dialogue
* asking complementaryinformation
* suggesting differentanalyses
* suggesting newmeasurements

evaluator = referee� anonymous collaborator� ......

G. Audi slide 984-16
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b
an

d
ar

ou
n
d

a
li
n
e

ca
ll
ed

th
e

b
ot

to
m

of
th

e
va

ll
ey

of
st

ab
il
it
y.

In
F
ig

.1
th

is
is

il
lu

st
ra

te
d

fo
r

th
e

k
n
ow

n
m

as
se

s
(c

ol
or

ed
on

es
)

ac
ro

ss
th

e
ch

ar
t

of
n
u
cl

id
es

.
In

ot
h
er

w
or

d
s,

n
u
cl

ea
r

d
at

a
p
u
t

al
m

os
t

n
o

co
n
st

ra
in

t
in

is
os

p
in

on
n
u
cl

ea
r

1

m
o
d
el

s.
F
ro

m
th

er
e

fo
ll
ow

s
th

e
te

n
d
en

cy
of

n
u
cl

ea
r

p
h
y
si

ci
st

s
to

st
u
d
y

n
u
cl

id
es

at
so

m
e

d
is

ta
n
ce

fr
om

th
at

li
n
e,

w
h
ic

h
ar

e
ca

ll
ed

ex
o
ti
c

n
u
cl

id
es

.

F
ig

u
re

1:
C

h
a
rt

o
f
n
u
cl

id
es

fo
r

th
e

p
re

ci
si

o
n

o
n

m
a
ss

es
.

O
n
ly

th
e

k
n
ow

n
m

a
ss

es
a
re

co
lo

re
d
,
ex

h
ib

it
in

g
cr

u
d
el

y
th

e
n
a
rr

ow
n
es

s
o
f

th
e

va
ll
ey

o
f

o
u
r

k
n
ow

le
d
g
e

in
th

is
im

m
en

se
la

n
d
sc

a
p
e.

W
o
u
ld

th
es

e
1
9
7
0

k
n
ow

n
m

a
ss

es
b
ee

n
sc

a
tt

er
ed

a
ro

u
n
d

in
th

e
(N

,Z
)

p
la

n
e,

o
u
r

u
n
d
er

st
a
n
d
in

g
o
f
th

e
n
u
cl

eu
s

w
o
u
ld

h
av

e
b
ee

n
co

m
p
le

te
ly

ch
a
n
g
ed

.

S
om

et
im

es
re

m
ea

su
re

m
en

t
of

th
e

sa
m

e
p
h
y
si

ca
l
q
u
an

ti
ty

im
p
ro

ve
d

a
p
re

v
io

u
s

re
su

lt
;

so
m

et
im

es
it

en
te

re
d

in
co

n
fl
ic

t
w

it
h

it
.

T
h
e

in
te

re
st

of
th

e
p
h
y
si

ci
st

h
as

al
so

ev
ol

ve
d

w
it
h

ti
m

e:
th

e
q
u
an

ti
ti

es
co

n
si

d
er

ed
va

ri
ed

im
p
or

ta
n
tl

y,
sc

an
n
in

g
al

l
so

rt
of

d
at

a
fr

om
cr

os
s

se
ct

io
n
s

to
m

as
se

s,
fr

om
h
al

f-
li
ve

s
to

m
ag

n
et

ic
m

om
en

ts
,

fr
om

ra
d
ii

to
su

p
er

d
ef

or
m

ed
b
an

d
s.

T
h
u
s,

w
e

ar
e

le
ft

n
ow

ad
ay

s
w

it
h

an
en

or
m

ou
s

q
u
an

ti
ty

of
in

fo
rm

at
io

n
on

th
e

at
om

ic
n
u
cl

eu
s

th
at

n
ee

d
to

b
e

so
rt

ed
,
tr

ea
te

d
in

a
h
om

og
en

eo
u
s

w
ay

,
w

h
il
e

ke
ep

in
g

tr
ac

ea
b
il
it
y

of
th

e
co

n
d
it
io

n
s
u
n
d
er

w
h
ic

h
th

ey
w

er
e

ob
ta

in
ed

.
W

h
en

n
ec

es
sa

ry
,
d
iff

er
en

t
d
at

a
y
ie

ld
in

g
va

lu
es

fo
r
th

e
sa

m
e

p
h
y
si

ca
l
q
u
an

ti
ty

n
ee

d
to

b
e

co
m

p
ar

ed
,
co

m
b
in

ed
or

av
er

ag
ed

to
d
er

iv
e

an
ad

op
te

d
va

lu
e.

S
u
ch

va
lu

es
w

il
l

b
e

u
se

d
in

d
om

ai
n
s

of
p
h
y
si
cs

th
at

ca
n

b
e

ve
ry

fa
r

fr
om

n
u
cl

ea
r

p
h
y
si

cs
,
li
ke

h
al

f-
li
ve

s
in

ge
o-

ch
ro

n
ol

og
y,

cr
os

s-
se

ct
io

n
s

in
p
ro

to
n
-t

h
er

ap
y,

or
m

as
se

s
in

th
e

d
et

er
m

in
at

io
n

of
th

e
α

fi
n
e

st
ru

ct
u
re

co
n
st

an
t.

T
h
er

e
ar

e
tw

o
cl

as
se

s
of

n
u
cl

ea
r

d
at

a:
on

e
cl

as
s

is
fo

r
d
at

a
re

la
te

d
to

n
u
cl

id
es

at
re

st
(o

r
al

m
os

t
at

re
st

);
an

d
th

e
ot

h
er

cl
as

s
is

fo
r

th
os

e
re

la
te

d
to

n
u
cl

id
ic

d
y
n
am

ic
s.

In
th

e
fi
rs

t
cl

as
s,

on
e

fi
n
d
s

gr
ou

n
d
-s

ta
te

an
d

le
ve

l
p
ro

p
er

ti
es

,
w

h
er

ea
s

th
e

se
co

n
d

en
co

m
p
as

se
s

re
ac

ti
on

p
ro

p
er

ti
es

an
d

m
ec

h
an

is
m

s.
N

u
cl

ea
r

gr
ou

n
d
-s

ta
te

m
as

se
s

an
d

ra
d
ii
;

m
ag

n
et

ic
m

om
en

ts
;

th
er

m
al

n
eu

tr
on

ca
p
tu

re
cr

os
s-

se
ct

io
n
s;

h
al

f-
li
ve

s,
sp

in
s

an
d

p
ar

it
ie

s
of

ex
ci

te
d

an
d

gr
ou

n
d
-s

ta
te

le
ve

ls
;
th

e
re

la
ti

ve
p
os

it
io

n
(e

x
ci

ta
ti

on
en

er
gi

es
)

of
th

es
e

le
ve

ls
;
th

ei
r
d
ec

ay
m

o
d
es

an
d

th
e

re
la

ti
ve

in
te

n
si

ti
es

of
th

es
e

d
ec

ay
s;

th
e

tr
an

si
ti

on
p
ro

b
ab

il
it

ie
s

fr
om

on
e

le
ve

l
to

an
ot

h
er

an
d

th
e

le
ve

l
w

id
th

;
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th
e

d
ef

or
m

at
io

n
s;

al
l

fa
ll

in
th

e
ca

te
go

ry
of

w
h
at

co
u
ld

b
e

ca
ll
ed

th
e

“s
ta

ti
c”

n
u
cl

ea
r

p
ro

p
er

ti
es

.
T
ot

al
an

d
d
iff

er
en

ti
al

(i
n

en
er

gy
an

d
in

an
gl

e)
re

ac
ti
on

cr
os

s-
se

ct
io

n
s;

re
ac

ti
on

m
ec

h
-

an
is

m
s;

an
d

sp
ec

tr
os

co
p
ic

fa
ct

or
s

co
u
ld

b
e

gr
ou

p
ed

in
th

e
cl

as
s

of
“d

y
n
am

ic
”

n
u
cl

ea
r

p
ro

p
er

ti
es

.
C

er
ta

in
ly

,
on

e
si

n
gl

e
ex

p
er

im
en

t,
fo

r
ex

am
p
le

a
n
u
cl

ea
r

re
ac

ti
on

st
u
d
y,

ca
n

y
ie

ld
d
at

a
fo

r
b
ot

h
‘s

ta
ti

c’
an

d
‘d

y
n
am

ic
’
p
ro

p
er

ti
es

.
It

is
ou

t
of

th
e

sc
op

e
of

th
e

p
re

se
n
t

le
ct

u
re

to
co

ve
r

al
l
as

p
ec

ts
of

n
u
cl

ea
r

p
ro

p
er

ti
es

an
d

n
u
cl

ea
r

d
at

a.
T

h
e

fi
n
e

st
ru

ct
u
re

of
“s

ta
ti

c”
n
u
cl

ea
r

d
at

a
w

il
l
b
e

sh
or

tl
y

d
es

cr
ib

ed
an

d
th

e
au

th
or

s
of

th
e

va
ri

ou
s

ev
al

u
at

io
n
s

p
re

se
n
te

d
.

T
h
en

I
w

il
l

ce
n
te

r
th

is
le

ct
u
re

on
th

e
tw

o
“h

or
iz

on
ta

l”
ev

al
u
at

io
n
s

in
w

h
ic

h
I

am
in

vo
lv

ed
:

th
e

at
om

ic
m

as
s

ev
al

u
at

io
n

A
m
e

an
d

th
e

N
u
b
a
s
e

ev
al

u
at

io
n
,

b
ot

h
b
ei

n
g

st
ro

n
gl

y
re

la
te

d
,

p
ar

ti
cu

la
rl

y
w

h
en

co
n
si

d
er

in
g

is
om

er
s.

2
“
S
ta

ti
c
”

n
u
c
le

a
r

d
a
ta

2
.1

T
h
e

N
s
d
d
:

d
a
ta

fo
r

n
u
cl

e
a
r

st
ru

ct
u
re

T
h
e

am
ou

n
t

of
d
at

a
to

b
e

co
n
si

d
er

ed
fo

r
n
u
cl

ea
r

st
ru

ct
u
re

is
h
u
ge

.
T

h
ey

ar
e

re
p
re

se
n
te

d
sc

h
em

at
ic

al
ly

in
F
ig

.2
fo

r
ea

ch
n
u
cl

id
e

as
on

e
co

lu
m

n
co

n
ta

in
in

g
al

ll
ev

el
s
fr

om
th

e
gr

ou
n
d
-

st
at

e
at

th
e

b
ot

to
m

of
th

at
co

lu
m

n
to

th
e

h
ig

h
es

t
k
n
ow

n
ex

ci
te

d
st

at
e.

A
ll

th
e

k
n
ow

n
p
ro

p
er

ti
es

fo
r

ea
ch

of
th

e
le

ve
ls

ar
e

in
cl

u
d
ed

.
V

er
y

ea
rl

y,
it

w
as

fo
u
n
d

co
n
ve

n
ie

n
t

to

F
ig

u
re

2:
S
ch

em
a
ti

c
re

p
re

se
n
ta

ti
o
n

o
f

a
ll

th
e

av
a
il
a
b
le

“
st

a
ti
c”

n
u
cl

ea
r

d
a
ta

(s
tr

u
ct

u
re

,
d
ec

ay
,

m
a
ss

,
ra

d
iu

s,
m

o
m

en
ts

,.
..

).
E

a
ch

n
u
cl

id
e

is
re

p
re

se
n
te

d
a
s

a
b
u
il
d
in

g
w

it
h

it
s

g
ro

u
n
d
-s

ta
te

a
t

th
e

g
ro

u
n
d

fl
o
o
r.

T
h
e

m
a
ss

ev
a
lu

a
ti

o
n

is
re

p
re

se
n
te

d
o
n

th
e

g
ro

u
n
d

fl
o
o
r,

a
cr

o
ss

a
ll

b
u
il
d
in

g
s.

It
in

cl
u
d
es

a
ls

o
d
a
ta

fo
r

u
p
p
er

le
v
el

s
if

th
ey

re
p
re

se
n
t

a
n

en
er

g
y

re
la

ti
o
n

to
a
n
o
th

er
n
u
cl

id
e,

li
k
e

a
fo

o
t-

b
ri

d
g
e

b
et

w
ee

n
tw

o
b
u
il
d
in

g
s

th
a
t

w
il
l
a
ll
ow

to
d
er

iv
e

th
e

le
v
el

d
iff

er
en

ce
b
et

w
ee

n
th

ei
r

g
ro

u
n
d

fl
o
o
rs

.

or
ga

n
iz

e
th

ei
r

ev
al

u
at

io
n

in
a

n
et

w
or

k
,
sp

li
tt

in
g

th
es

e
d
at

a
ac

co
rd

in
g

to
th

e
m

as
s

of
th

e
n
u
cl

id
es

,
th

e
A

-c
h
ai

n
s.

S
u
ch

a
d
iv

is
io

n
m

ak
es

se
n
se

,
si

n
ce

m
os

t
of

th
e

d
ec

ay
re

la
ti

on
s

am
on

g
n
u
cl

id
es

ar
e

β
-d

ec
ay

s
w

h
er

e
A

is
co

n
se

rv
ed

.
T

h
is

is
,
of

co
u
rs

e,
le

ss
tr

u
e

fo
r

h
ea

v
ie

r
n
u
cl

id
es

w
h
er

e
α
-d

ec
ay

is
th

e
d
om

in
an

t
d
ec

ay
-m

o
d
e

co
n
n
ec

ti
n
g

an
A

-n
u
cl

id
e

to
an

A
−

4
d
au

gh
te

r.
T

h
is

st
ru

ct
u
re

is
th

e
on

e
ad

op
te

d
b
y

th
e

N
u
cl

ea
r

S
tr

u
ct

u
re

an
d

D
ec

ay
D

at
a

n
et

w
or

k
(t

h
e
N

s
d
d
)

or
ga

n
iz

ed
in

te
rn

at
io

n
al

ly
u
n
d
er

th
e

au
sp

ic
es

of
th

e
I
a
e
a

in
V

ie
n
n
a.

A
n

A
-c

h
ai

n
or

a
gr

ou
p

of
su

cc
es

si
ve

A
-c

h
ai

n
s
is

p
u
t
u
n
d
er

th
e

re
sp

on
si

b
il
it
y

of
on

e
m

em
b
er

3

of
th

e
n
et

w
or

k
.

H
is

or
h
er

ev
al

u
at

io
n

is
re

fe
re

ed
b
y

an
ot

h
er

m
em

b
er

of
th

e
n
et

w
or

k
b
ef

or
e

p
u
b
li
ca

ti
on

in
th

e
jo

u
rn

al
‘N

u
cl

ea
r

D
at

a
S
h
ee

ts
’
(o

r
in

th
e

‘N
u
cl

ea
r

P
h
y
si

cs
’

jo
u
rn

al
fo

r
A

≤
44

).
A

t
th

e
sa

m
e

ti
m

e
th

e
co

m
p
u
te

r
fi
le

s
of

th
e

ev
al

u
at

io
n

(t
h
e
E
n
s
d
f
:

‘E
va

lu
at

ed
N

u
cl

ea
r

S
tr

u
ct

u
re

D
at

a
F
il
es

’)
ar

e
m

ad
e

av
ai

la
b
le

at
th

e
N

n
d
c
-B

ro
ok

h
av

en
[1

].
In

th
is

ev
al

u
at

io
n

n
et

w
or

k
,
m

os
t

of
th

e
“s

ta
ti

c”
n
u
cl

ea
r

d
at

a
ar

e
b
ei

n
g

co
n
si

d
er

ed
.

T
h
e
N

s
d
d

ev
al

u
at

io
n

fo
r
ea

ch
n
u
cl

id
e

is
n
ot

d
ep

en
d
en

t,
at

fi
rs

t
or

d
er

,
on

th
e

p
ro

p
er

ti
es

of
a

n
ei

gh
b
or

in
g

n
u
cl

id
e,

ex
ce

p
t

w
h
en

th
er

e
is

a
d
ec

ay
re

la
ti

on
w

it
h

th
at

n
ei

gh
b
or

.
S
u
ch

ev
al

u
at

io
n
,
co

n
d
u
ct

ed
n
u
cl

id
e

b
y

n
u
cl

id
e,

is
ca

ll
ed

a
‘v

er
ti

ca
l’

ev
al

u
at

io
n
.

2
.2

T
h
e

a
to

m
ic

m
a
ss

e
v
a
lu

a
ti
o
n

A
m
e

H
ow

ev
er

,
th

e
ev

al
u
at

io
n

of
d
at

a
fo

r
en

er
gy

re
la

ti
on

s
b
et

w
ee

n
n
u
cl

id
es

is
m

or
e

co
m

p
le

x
d
u
e

to
n
u
m

er
ou

s
li
n
k
s

th
at

ov
er

d
et

er
m

in
e

th
e

sy
st

em
an

d
ex

h
ib

it
so

m
et

im
es

in
co

n
si

st
en

ci
es

am
on

g
d
at

a.
T

h
is

en
se

m
b
le

of
en

er
gy

re
la

ti
on

s
is

ta
ke

n
in

to
ac

co
u
n
t

in
th

e
‘h

or
iz

on
ta

l’
st

ru
ct

u
re

of
th

e
A

to
m

ic
M

as
s

E
va

lu
at

io
n

A
m
e

[3
,
4]

.
B

y
‘h

or
iz

on
ta

l’
on

e
m

ea
n
s

th
at

a
u
n
iq

u
e

n
u
cl

ea
r

p
ro

p
er

ty
is

b
ei

n
g

co
n
si

d
er

ed
ac

ro
ss

th
e

w
h
ol

e
ch

ar
t

of
n
u
cl

id
es

,
h
er

e
th

e
gr

ou
n
d
-s

ta
te

m
as

se
s.

O
n
ly

su
ch

a
st

ru
ct

u
re

al
lo

w
s

to
en

co
m

p
as

s
al

l
ty

p
es

of
co

n
n
ec

ti
on

s
am

on
g

n
u
cl

id
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p
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p
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p
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O
th

er
n
u
cl

ea
r

re
ac

ti
on

s
m

ay
re

le
as

e
en

er
gy

.
T

h
is

is
th

e
ca

se
,
fo

r
ex

am
p
le

,
fo

r
th

er
-

m
al

n
eu

tr
on

-c
ap

tu
re

re
ac

ti
on

s
(n

,γ
)

w
h
er

e
th

e
(q

u
as

i)
-n

u
ll

en
er

ge
ti

c
n
eu

tr
on

is
ab

so
rb

ed
an

d
p
op

u
la

te
s

le
ve

ls
in

th
e

co
n
ti

n
u
u
m

of
n
u
cl

id
e

‘B
’
at

an
ex

ci
ta

ti
on

en
er

gy
ex

ac
tl

y
eq

u
al

to
Q

r
.

W
it
h

th
e

ex
ce

p
ti
on

of
so

m
e

re
ac

ti
on

s
b
et

w
ee

n
ve

ry
li
gh

t
n
u
cl

id
es

,
th

e
th

e
m

as
se

s
of

th
e

p
ro

je
ct

il
e

‘a
’
an

d
of

th
e

ej
ec

ti
le

‘b
’
ar

e
k
n
ow

n
w

it
h

a
m

u
ch

h
ig

h
er

ac
cu

ra
cy

th
an

th
os

e
of

th
e

ta
rg

et
‘A

’,
an

d
of

co
u
rs

e
th

e
re

si
d
u
al

n
u
cl

id
e

‘B
’.

T
h
er

ef
or

e
E

q
.1

re
d
u
ce

s
to

a
li
n
ea

r
co

m
b
in

at
io

n
of

th
e

m
as

se
s

of
tw

o
n
u
cl

id
es

:

M
A
−

M
B

=
q
±

d
q

(2
)

w
h
er

e
q

=
Q

r
−

M
a
+
M

b
.

A
n
u
cl

ea
r

re
ac

ti
on

u
su

al
ly

d
ea

ls
w

it
h

st
ab

le
or

ve
ry

-l
on

g-
li
ve

d
ta

rg
et

‘A
’
an

d
p
ro

je
ct

il
e

‘a
’,

al
lo

w
in

g
on

ly
to

d
et

er
m

in
e

th
e

m
as

s
of

a
re

si
d
u
al

n
u
cl

id
e

‘B
’
cl

os
e

to
st

ab
il
it
y.

N
ow

a-
d
ay

s
w

it
h

th
e

av
ai

la
b
il
it
y

of
ra

d
io

ac
ti

ve
b
ea

m
s,

in
te

re
st

in
re

ac
ti
on

en
er

gy
ex

p
er

im
en

ts
is

b
ei

n
g

re
v
iv

ed
.

It
is

w
or

th
m

en
ti

on
in

g
in

th
is

ca
te

go
ry

th
e

ve
ry

h
ig

h
ac

cu
ra

ci
es

at
ta

in
ab

le
w

it
h

(n
,γ

)
an

d
(p

,γ
)

re
ac

ti
on

s.
T

h
ey

p
la

y
a

ke
y
-r

ôl
e

in
p
ro

v
id

in
g

m
an

y
of

th
e

m
os

t
ac

cu
ra

te
m

as
s

d
iff

er
en

ce
s,

an
d

h
el

p
th

u
s

b
u
il
d
in

g
an

d
st

re
n
gt

h
en

in
g

th
e

“b
ac

k
b
on

e”
1

of
m

as
se

s
al

on
g

th
e

va
ll
ey

of
β
-s

ta
b
il
it
y,

an
d

d
et

er
m

in
e

n
eu

tr
on

se
p
ar

at
io

n
en

er
gi

es
w

it
h

h
ig

h
p
re

ci
si

on
2
.

A
ls

o
ve

ry
ac

cu
ra

te
ar

e
th

e
se

lf
-c

al
ib

ra
te

d
re

ac
ti
on

en
er

gy
m

ea
su

re
m

en
ts

u
si

n
g

sp
ec

-
tr

om
et

er
s.

W
h
en

m
ea

su
ri
n
g

th
e

d
iff

er
en

ce
in

en
er

gy
b
et

w
ee

n
th

e
sp

ec
tr

al
li
n
es

co
rr

e-
sp

on
d
in

g
to

re
ac

ti
on

s
A

(a
,b

)B
an

d
C

(a
,b

)D
w

it
h

th
e

sa
m

e
sp

ec
tr

om
et

er
se

tt
in

gs
[2

4]
on

e
ca

n
re

ac
h

ac
cu

ra
ci

es
b
et

te
r

th
an

10
0

eV
.
H

er
e

th
e

m
ea

su
re

m
en

t
ca

n
b
e

re
p
re

se
n
te

d
b
y

a
li
n
ea

r
co

m
b
in

at
io

n
of

th
e

m
as

se
s

of
fo

u
r

n
u
cl

id
es

:

δQ
r

=
M

A
−

M
B
−
M

C
+
M

D
(3

)

T
h
e

m
os

t
p
re

ci
se

re
ac

ti
on

en
er

gy
is

th
e

on
e

th
at

d
et

er
m

in
ed

th
e

m
as

s
of

th
e

n
eu

tr
on

fr
om

th
e

n
eu

tr
on

-c
ap

tu
re

en
er

gy
of

1
H

at
th

e
I
l
l

[2
5]

.
T

h
e

1
H

(n
,γ

)2
H

es
ta

b
li
sh

ed
a

re
la

ti
on

b
et

w
ee

n
th

e
m

as
se

s
of

th
e

n
eu

tr
on

,
of

1
H

an
d

of
th

e
d
eu

te
ro

n
w

it
h

th
e

in
cr

ed
ib

le
p
re

ci
si

on
of

0.
4

eV
.

3
.1

.2
D

is
in

te
g
ra

ti
o
n

e
n
e
rg

ie
s

D
is

in
te

gr
at

io
n

ca
n

b
e

co
n
si

d
er

ed
as

a
p
ar

ti
cu

la
r
ca

se
of

re
ac

ti
on

,
w

h
er

e
th

er
e

is
n
o

in
ci

d
en

t
p
ar

ti
cl

e.
O

f
co

u
rs

e,
h
er

e
th

e
en

er
gi

es
Q

β
,
Q

α
or

Q
p

ar
e

al
m

os
t

al
w

ay
s

p
os

it
iv

e,
i.
e.

th
es

e
p
ar

ti
cu

la
r

re
ac

ti
on

s
ar

e
ex

ot
h
er

m
ic

.
F
or

th
e

A
(β

−

)B
,
A

(α
)B

or
A

(p
)B

d
is

in
te

gr
at

io
n
s3

,

1
th

e
‘b

a
ck

b
o
n
e’

is
th

e
en

se
m

b
le

o
f
n
u
cl

id
es

a
lo

n
g

th
e

li
n
e

o
f
st

a
b
il
it
y

in
a

d
ia

g
ra

m
o
f
a
to

m
ic

n
u
m

b
er

Z
v
er

su
s

n
eu

tr
o
n

n
u
m

b
er

Z
[2

3]
.

T
h
e

en
er

g
y

re
la

ti
o
n
s

a
m

o
n
g

n
u
cl

id
es

in
th

e
b
a
ck

b
o
n
e

a
re

m
u
lt

ip
le

.
2
T

h
e

n
u
m

b
er

o
f
co

u
p
le

s
o
f
n
u
cl

id
es

co
n
n
ec

te
d

b
y

(n
,γ

)
re

a
ct

io
n
s

w
it

h
a
n

a
cc

u
ra

cy
o
f
0
.5

k
eV

o
r

b
et

te
r

w
a
s

2
4
3

in
A

m
e
2
0
0
3
,
a
g
a
in

st
1
9
9

in
A

m
e
9
3
,
1
2
8

in
A

m
e
8
3

a
n
d

6
0

in
th

e
1
9
7
7

o
n
e.

T
h
e

n
u
m

b
er

o
f
ca

se
s

k
n
ow

n
to

b
et

te
r

th
a
n

0
.1

k
eV

w
a
s

1
0
0

in
A

m
e
2
0
0
3
,

6
6

in
A

m
e
9
3

a
n
d

3
3

in
A

m
e
8
3
.

S
ev

er
a
l
re

a
ct

io
n

en
er

g
ie

s
o
f
(p

,γ
)
re

a
ct

io
n
s
a
re

p
re

se
n
tl
y

(A
m
e
9
3
)k

n
ow

n
a
b
o
u
t
a
s
p
re

ci
se

ly
(2

5
a
n
d

8
ca

se
s
w

it
h

a
cc

u
ra

ci
es

b
et

te
r

th
a
n

0
.5

k
eV

a
n
d

0
.1

k
eV

re
sp

ec
ti

v
el

y
).

3
T

h
e

d
ra

w
in

g
fo

r
α
-d

ec
ay

is
ta

k
en

fr
o
m

th
e

ed
u
ca

ti
o
n
a
l
W

eb
si

te
o
f
th

e
L
aw

re
n
ce

B
er

k
el

ey
L
a
b
o
ra

to
ry

:
h
tt

p
:/

/
w

w
w

.l
b
l.
g
ov

/
a
b
c/

.

8

96



on
e

ca
n

w
ri
te

re
sp

ec
ti
ve

ly
:

Q
β
−

=
M

A
−

M
B

(4
)

Q
α

=
M

A
−

M
B
−

M
α

(5
)

Q
p

=
M

A
−

M
B
−

M
p

(6
)

T
h
es

e
m

ea
su

re
m

en
ts

ar
e

ve
ry

im
p
or

ta
n
t
b
ec

au
se

th
ey

al
lo

w
d
er

iv
in

g
m

as
se

s
of

u
n
st

ab
le

or
ve

ry
u
n
st

ab
le

n
u
cl

id
es

.
T

h
is

is
m

or
e

sp
ec

ia
ll
y

th
e

ca
se

fo
r

th
e

p
ro

to
n

d
ec

ay
of

n
u
cl

id
es

at
th

e
d
ri

p
-l
in

e,
in

th
e

m
ed

iu
m

-A
re

gi
on

[2
6]

.
T

h
ey

al
lo

w
a

ve
ry

u
se

fu
l

ex
te

n
si

on
of

th
e

sy
st

em
at

ic
s

of
p
ro

to
n

b
in

d
in

g
en

er
gi

es
.

B
u
t

in
ad

d
it

io
n

th
ey

gi
ve

in
se

ve
ra

l
ca

se
s

in
fo

rm
at

io
n

on
ex

ci
ta

ti
on

en
er

gi
es

of
is

om
er

s.
T

h
is

d
ev

el
op

m
en

t
is

on
e

m
or

e
re

as
on

w
h
y

w
e

h
av

e
to

gi
ve

m
or

e
at

te
n
ti

on
to

re
la

ti
ve

p
os

it
io

n
s

of
is

om
er

s
th

an
w

as
n
ec

es
sa

ry
in

ea
rl

ie
r

ev
al

u
at

io
n
s.

α
-d

ec
ay

s
h
av

e
p
er

m
it
te

d
to

d
et

er
m

in
e

th
e

m
as

se
s

of
th

e
h
ea

v
y

n
u
cl

id
es

.
M

or
eo

ve
r,

th
e

ti
m

e
co

in
ci

d
en

ce
of

α
li
n
es

in
a

d
ec

ay
in

g
ch

ai
n

al
lo

w
s

ve
ry

cl
ea

r
id

en
ti

fi
ca

ti
on

of
th

e
h
ea

v
ie

st
on

es
.

Q
u
it

e
of

te
n
,

an
d

m
or

e
p
ar

ti
cu

la
rl

y
fo

r
ev

en
-e

ve
n

n
u
cl

id
es

,
th

e
m

ea
su

re
d

α
-d

ec
ay

en
er

gi
es

y
ie

ld
q
u
it
e

p
re

ci
se

m
as

s
d
iff

er
en

ce
s

b
et

w
ee

n
p
ar

en
t
an

d
d
au

gh
te

r
n
u
cl

id
e.

3
.1

.3
M

a
ss

S
p
e
ct

ro
m

e
tr

y

M
as

s-
sp

ec
tr

om
et

ri
c

d
et

er
m

in
at

io
n

of
at

om
ic

m
as

se
s

ar
e

of
te

n
ca

ll
ed

‘d
ir

ec
t’

m
as

s
m

ea
-

su
re

m
en

ts
b
ec

au
se

th
ey

ar
e

su
p
p
os

ed
to

d
et

er
m

in
e

n
ot

an
en

er
gy

re
la

ti
on

b
et

w
ee

n
tw

o
n
u
cl

id
es

,
b
u
t

d
ir
ec

tl
y

th
e

m
as

s
of

th
e

d
es

ir
ed

on
e.

In
p
ri

n
ci

p
le

th
is

is
tr

u
e,

b
u
t

on
ly

to
th

e
le

ve
l

of
ac

cu
ra

cy
of

th
e

p
ar

am
et

er
of

th
e

sp
ec

tr
om

et
er

th
at

is
th

e
le

as
t

w
el

l
k
n
ow

n
,

w
h
ic

h
is

u
su

al
ly

th
e

m
ag

n
et

ic
fi
el

d
in

w
h
ic

h
th

e
io

n
s

m
ov

e.
It

fo
ll
ow

s
th

at
th

e
ac

cu
ra

cy
in

su
ch

ab
so

lu
te

d
ir

ec
t

m
as

s
d
et

er
m

in
at

io
n

is
ve

ry
p
o
or

.
T

h
is

is
w

h
y,

in
al

l
p
re

ci
se

m
as

s
m

ea
su

re
m

en
ts

,
th

e
m

as
s

of
an

u
n
k
n
ow

n
n
u
cl

id
e

is
al

w
ay

s
co

m
p
ar

ed
,

in
th

e
sa

m
e

m
ag

n
et

ic
fi
el

d
,

to
th

at
of

a
re

fe
re

n
ce

n
u
cl

id
e.

T
h
u
s,

on
e

d
et

er
m

in
es

a
ra

ti
o

of
m

as
se

s,
w

h
er

e
th

e
va

lu
e

of
th

e
m

ag
n
et

ic
fi
el

d
ca

n
ce

ls
,

le
ad

in
g

to
a

m
u
ch

m
or

e
p
re

ci
se

m
as

s
d
et

er
m

in
at

io
n
.

A
s

fa
r

as
th

e
A

m
e

is
co

n
ce

rn
ed

,
h
er

e
ag

ai
n

w
e

h
av

e
a

m
as

s
re

la
ti

on
b
et

w
ee

n
tw

o
n
u
cl

id
es

.
O

n
e

ca
n

d
is

ti
n
gu

is
h

th
re

e
su

b
-c

la
ss

es
in

th
e

cl
as

s
of

m
as

s
m

ea
su

re
m

en
t

b
y

m
as

s-
sp

ec
tr

om
et

ry
(s

ee
al

so
[1

8]
):

1.
C

la
ss

ic
al

m
as

s-
sp

ec
tr

om
et

ry
,
w

h
er

e
th

e
el

ec
tr

om
ag

n
et

ic
d
efl

ec
ti
on

p
la

y
s
th

e
ke

y
-r

ôl
e.

M
or

e
ex

ac
tl

y,
th

e
tw

o
b
ea

m
s

co
rr

es
p
on

d
in

g
to

th
e

io
n

of
th

e
in

ve
st

ig
at

ed
n
u
cl

id
e

an
d

to
th

at
of

th
e

re
fe

re
n
ce

ar
e

fo
rc

ed
to

fo
ll
ow

th
e

sa
m

e
p
at

h
in

th
e

m
ag

n
et

ic
fi
el

d
.

9

T
h
e

ra
ti

o
of

th
e

vo
lt

ag
es

of
so

m
e

el
ec

tr
os

ta
ti

c
d
ev

ic
es

th
at

m
ak

e
th

is
co

n
d
it

io
n

tr
u
e

d
et

er
m

in
es

th
e

ra
ti

o
of

m
as

se
s.

T
h
es

e
vo

lt
ag

es
ar

e
d
et

er
m

in
ed

ei
th

er
fr

om
th

e
va

lu
es

of
re

si
st

or
s

in
a

b
ri

d
ge

[2
7]

or
d
ir

ec
tl

y
fr

om
a

p
re

ci
si

on
vo

lt
m

et
er

[2
8]

.

2.
T

im
e-

of
-F

li
gh

t
sp

ec
tr

om
et

ry
,

w
h
er

e
on

e
m

ea
su

re
s

si
m

u
lt
an

eo
u
sl

y
th

e
m

om
en

tu
m

of
an

io
n

(f
ro

m
it

s
m

ag
n
et

ic
ri

gi
d
it
y

B
ρ
)

an
d

it
s

ve
lo

ci
ty

(f
ro

m
th

e
ti

m
e

of
fl
ig

h
t

al
on

g
a

p
at

h
of

w
el

l-
d
et

er
m

in
ed

le
n
gt

h
)

[2
9]

.
C

al
ib

ra
ti

on
in

th
is

ty
p
e

of
ex

p
er

i-
m

en
t

re
q
u
ir
es

a
la

rg
e

se
t

of
re

fe
re

n
ce

m
as

se
s,

so
th

at
th

e
A

m
e

ca
n
n
ot

es
ta

b
li
sh

a
si

m
p
le

re
la

ti
on

b
et

w
ee

n
tw

o
n
u
cl

id
es

.
N

ev
er

th
el

es
s,

th
e

ca
li
b
ra

ti
on

fu
n
ct

io
n

th
u
s

d
et

er
m

in
ed

,
to

ge
th

er
w

it
h

it
s

co
n
tr

ib
u
ti

on
to

th
e

er
ro

r
is

ge
n
er

al
ly

w
el

l
ac

co
u
n
te

d
fo

r.
T

h
e

ch
an

ce
is

sm
al

l
th

at
re

ca
li
b
ra

ti
on

m
ig

h
t

b
e

n
ec

es
sa

ry
.

In
ca

se
it

ap
p
ea

rs
to

b
e

so
in

so
m

e
fu

tu
re

,
on

e
co

u
ld

co
n
si

d
er

a
gl

ob
al

re
-c

en
te

ri
n
g

of
th

e
p
u
b
li
sh

ed
va

lu
es

.
It

is
in

te
re

st
in

g
to

n
ot

e
th

at
T

im
e-

of
-F

li
gh

t
sp

ec
tr

om
et

er
s

ca
n

b
e

al
so

se
t-

u
p

in
cy

cl
ot

ro
n
s

[3
0]

or
in

st
or

ag
e

ri
n
gs

[3
1]

.

3.
C

y
cl

ot
ro

n
F
re

q
u
en

cy
,
w

h
en

m
ea

su
re

d
in

a
h
om

og
en

eo
u
s

m
ag

n
et

ic
fi
el

d
,
y
ie

ld
s

m
as

s
va

lu
e

of
ve

ry
h
ig

h
p
re

ci
si

on
d
u
e

to
th

e
fa

ct
th

at
fr

eq
u
en

cy
is

th
e

p
h
y
si

ca
l
q
u
an

ti
ty

th
at

ca
n

b
e

m
ea

su
re

d
w

it
h

th
e

h
ig

h
es

t
ac

cu
ra

cy
w

it
h

th
e

p
re

se
n
t

te
ch

n
ol

og
y.

T
h
re

e
ty

p
es

of
sp

ec
tr

om
et

er
s

fo
ll
ow

th
is

p
ri

n
ci

p
le

:

•
th

e
R
a
d
io

-F
re

qu
en

cy
M

a
ss

S
pe

ct
ro

m
et

er
(F

ig
.4

)
in

ve
n
te

d
b
y

L
.G

.
S
m

it
h

[3
2]

w
h
er

e
th

e
m

ea
su

re
m

en
t

is
ob

ta
in

ed
in

-fl
ig

h
t,

as
a

tr
an

sm
is

si
on

si
gn

al
,
in

on
ly

on
e

tu
rn

;

F
ig

u
re

4:
P

ri
n
ci

p
le

o
f

th
e

R
a
d
io

-F
re

qu
en

cy
M

a
ss

S
pe

ct
ro

m
et

er
.

Io
n
s

m
a
k
e

tw
o

tu
rn

s
fo

ll
ow

in
g

a
h
el

i-

co
id

a
l
p
a
th

in
a

h
o
m

o
g
en

eo
u
s

fi
el

d
� B
.

T
w

o
R

F
ex

ci
ta

ti
o
n
s

a
re

a
p
p
li
ed

a
t

o
n
e

tu
rn

in
te

rv
a
l.

O
n
ly

io
n
s

fo
r

w
h
ic

h
th

e
tw

o
ex

ci
ta

ti
o
n
s

a
re

in
o
p
p
o
si

te
p
h
a
se

(a
n
d

th
en

ca
n
ce

l)
w

il
l
ex

it
th

e
sp

ec
tr

o
m

et
er

a
n
d

b
e

d
et

ec
te

d
.

T
y
p
ic

a
l

d
ia

m
et

er
o
f

th
e

h
el

ix
is

0
.5

-1
m

et
er

.
T

h
is

sc
h
em

e
is

fr
o
m

th
e

M
is

t
r
a
l

W
eb

si
te

:
h
tt

p
:/

/
cs

n
w

w
w

.i
n
2
p
3
.f
r/

g
ro

u
p
es

/
m

a
ss

a
to

m
/.

•
th

e
P
en

n
in

g
T
ra

p
S
pe

ct
ro

m
et

er
(F

ig
.5

)
w

h
er

e
th

e
io

n
s

ar
e

st
or

ed
fo

r
0.

1–
2

se
co

n
d
s

to
in

te
ra

ct
w

it
h

a
ra

d
io

-f
re

q
u
en

cy
ex

ci
ta

ti
on

si
gn

al
[3

3]
;
an

d

•
th

e
S
to

ra
ge

R
in

g
S
pe

ct
ro

m
et

er
w

h
er

e
th

e
io

n
s

ar
e

st
or

ed
an

d
th

e
io

n
b
ea

m
co

ol
ed

,
w

h
il
e

a
m

et
al

li
c

p
ro

b
e

n
ea

r
th

e
b
ea

m
p
ic

k
s

u
p

th
e

ge
n
er

at
ed

S
ch

ot
tk

y
n
oi

se
(a

si
gn

al
in

d
u
ce

d
b
y

a
m

ov
in

g
ch

ar
ge

)
[3

4]
.

P
en

n
in

g
tr

ap
s,

as
w

el
l
as

st
or

ag
e

ri
n
gs

an
d

th
e
M

is
t
r
a
l

on
-l
in

e
S
m

it
h
-t

y
p
e

sp
ec

tr
om

-
et

er
,
ar

e
n
ow

al
so

u
se

d
fo

r
m

ak
in

g
m

as
s
m

ea
su

re
m

en
ts

of
m

an
y

n
u
cl

id
es

fu
rt

h
er

aw
ay

fr
om

10
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F
ig

u
re

5:
P

ri
n
ci

p
le

o
f
th

e
P
en

n
in

g
T
ra

p
S
pe

ct
ro

m
et

er
.

Io
n
s

fo
ll
ow

a
cy

cl
o
tr

o
n

m
o
ti
o
n

in
th

e
h
o
ri

zo
n
ta

l

p
la

n
e

d
u
e

to
� B

a
n
d

ca
n
n
o
t

es
ca

p
e

a
x
ia

ll
y

d
u
e

to
re

p
u
ls

io
n

b
y

th
e

en
d
-c

u
p

el
ec

tr
o
d
es

.
T

h
e

ri
n
g

el
ec

tr
o
d
e

is
sp

li
t

to
a
ll
ow

R
F

ex
ci

ta
ti
o
n
.

T
y
p
ic

a
l
in

n
er

si
ze

is
1
-2

cm
.

T
h
is

sc
h
em

e
is

fr
o
m

th
e

I
s
o
l
t
r
a
p

W
eb

si
te

:
h
tt

p
:/

/
ce

rn
.c

h
/
is

o
lt
ra

p
/.

th
e

li
n
e

of
st

ab
il
it
y.

A
s

a
re

su
lt

,
th

e
n
u
m

b
er

of
n
u
cl

id
es

fo
r

w
h
ic

h
ex

p
er

im
en

ta
l
m

as
s

va
l-

u
es

ar
e

n
ow

k
n
ow

n
is

su
b
st

an
ti

al
ly

la
rg

er
th

an
in

th
e

p
re

v
io

u
s

at
om

ic
m

as
s

ta
b
le

s.
T

h
es

e
m

as
s-

sp
ec

tr
om

et
ri

c
m

ea
su

re
m

en
ts

of
ex

ot
ic

n
u
cl

id
es

ar
e

of
te

n
m

ad
e

w
it

h
re

so
lu

ti
on

s
th

at
d
o

n
ot

al
lo

w
se

p
ar

at
io

n
of

is
om

er
s.

S
p
ec

ia
l

ca
re

is
n
ee

d
ed

to
d
er

iv
e

th
e

m
as

s
va

lu
e

fo
r

th
e

gr
ou

n
d
-s

ta
te

(c
f.

S
ec

ti
on

2.
3)

.
N

ow
ad

ay
s,

se
ve

ra
l
m

as
s

m
ea

su
re

m
en

ts
ar

e
m

ad
e

on
fu

ll
y

(b
ar

e
n
u
cl

ei
)

or
al

m
os

t
fu

ll
y

io
n
iz

ed
at

om
s.

T
h
en

,
a

co
rr

ec
ti

on
m

u
st

b
e

m
ad

e
fo

r
th

e
to

ta
l

b
in

d
in

g
en

er
gy

of
al

l
re

m
ov

ed
el

ec
tr

on
s

B
e
(Z

).
T

h
ey

ca
n

b
e

fo
u
n
d

in
th

e
ta

b
le

fo
r

ca
lc

u
la

te
d

to
ta

l
at

om
ic

b
in

d
in

g
en

er
gy

of
al

l
el

ec
tr

on
s

of
H

u
an

g
et

al
.

[3
5]

.
U

n
fo

rt
u
n
at

el
y,

th
e

p
re

ci
si

on
of

th
e

ca
lc

u
la

te
d

va
lu

es
B

e
(Z

)
is

n
ot

cl
ea

r;
th

is
q
u
an

ti
ty

(u
p

to
76

0
ke

V
fo

r
9
2
U

)
ca

n
n
ot

b
e

m
ea

su
re

d
ea

si
ly

.
V

er
y

p
ro

b
ab

ly
,

it
s

p
re

ci
si

on
fo

r
9
2
U

is
ra

th
er

b
et

te
r

th
an

th
e

2
ke

V
ac

cu
ra

cy
w

it
h

w
h
ic

h
th

e
m

as
s

of
,
e.

g.
,

2
3
8
U

is
k
n
ow

n
.

A
si

m
p
le

fo
rm

u
la

,
ap

p
ro

x
im

at
in

g
th

e
re

su
lt

s
of

[3
5]

,
is

gi
ve

n
in

th
e

re
v
ie

w
of

L
u
n
n
ey

,
P
ea

rs
on

an
d

T
h
ib

au
lt

[3
6]

:

B
el
(Z

)
=

14
.4

38
1
Z

2
.3

9
+

1.
55

46
8
×

10
−

6
Z

5
.3

5
eV

(7
)

P
en

n
in

g
tr

ap
s

h
av

e
al

lo
w

ed
to

re
ac

h
in

cr
ed

ib
le

ac
cu

ra
ci

es
in

th
e

m
ea

su
re

m
en

t
of

m
as

se
s.

If
on

e
ob

se
rv

es
th

e
in

cr
ea

se
of

ac
cu

ra
ci

es
ov

er
th

e
la

st
se

ve
n

or
ei

gh
t

d
ec

ad
es

,
fo

r
ex

am
p
le

on
2
8
S
i,

se
e

F
ig

.6
,
on

e
w

ou
ld

se
e

th
at

af
te

r
a

re
gu

la
r

in
cr

ea
se

of
on

e
or

d
er

of
m

ag
n
it

u
d
e

ev
er

y
te

n
ye

ar
s

u
n
ti

l
19

70
,
th

e
m

as
s

ac
cu

ra
cy

of
2
8
S
i
se

em
ed

to
h
av

e
re

ac
h
ed

a
li
m

it
at

th
e

le
ve

l
of

5
×

10
−

7
.

U
n
ti

l
th

e
ar

ri
va

l
of

h
ig

h
p
re

ci
si

on
P
en

n
in

g
tr

ap
s,

th
at

al
-

lo
w

ed
to

ca
tc

h
u
p

w
it

h
th

e
p
re

v
io

u
s

te
n
d
en

cy
an

d
y
ie

ld
ed

an
ac

cu
ra

cy
sl

ig
h
tl

y
b
et

te
r

th
an

10
−

1
0

in
19

95
[3

7]
.

S
u
ch

p
re

ci
si

on
m

ea
su

re
m

en
ts

w
it

h
P
en

n
in

g
tr

ap
s

h
av

e
co

n
si

d
er

ab
ly

im
p
ro

ve
d

th
e

p
re

ci
si

on
in

ou
r

k
n
ow

le
d
ge

of
at

om
ic

m
as

s
va

lu
es

al
on

g
th

e
b
ac

k
b
on

e.

3
.2

D
a
ta

e
v
a
lu

a
ti
o
n

in
th

e
A

m
e

T
h
e

ev
al

u
at

io
n

of
m

as
se

s
sh

ar
e

w
it

h
m

os
t

ot
h
er

ev
al

u
at

io
n
s

m
an

y
p
ro

ce
d
u
re

s.
H

ow
ev

er
,

th
e

ve
ry

sp
ec

ia
l
ch

ar
ac

te
r

in
th

e
tr

ea
tm

en
t

of
d
at

a
in

th
e

m
as

s
ev

al
u
at

io
n

is
,
as

sa
id

ab
ov

e
(h

ea
d
er

of
th

e
p
re

se
n
t

S
ec

ti
on

),
th

at
al

l
m

ea
su

re
m

en
ts

ar
e

re
la

ti
ve

m
ea

su
re

m
en

ts
.

E
ac

h

11

F
ig

u
re

6:
O

u
r

k
n
ow

le
d
g
e

o
f
th

e
m

a
ss

o
f

2
8
S
i
h
a
s

in
cr

ea
se

d
b
y

o
n
e

o
rd

er
o
f
m

a
g
n
it

u
d
e

p
er

d
ec

a
d
e

si
n
ce

1
9
3
5
.

E
x
tr

a
p
o
la

ti
n
g

th
is

te
n
d
en

cy
,
o
n
e

co
u
ld

ex
p
ec

t
th

a
t

w
e

w
il
l
re

a
ch

a
1
0
−

1
2

a
cc

u
ra

cy
in

2
0
1
5
.

ex
p
er

im
en

ta
l

d
at

u
m

w
il
l

b
e

th
u
s

re
p
re

se
n
te

d
b
y

a
li
n
k

co
n
n
ec

ti
n
g

tw
o

or
th

re
e

n
u
cl

ei
(c

f.
S
ec

ti
on

3.
3.

1)
.

T
h
e

se
t

of
co

n
n
ec

ti
on

s
re

su
lt
s

in
a

co
m

p
le

x
ca

n
va

s
w

h
er

e
d
at

a
of

d
iff

er
en

t
ty

p
e

an
d

or
ig

in
ar

e
en

ta
n
gl

ed
.

H
er

e
li
es

th
e

ve
ry

ch
al

le
n
ge

to
ex

tr
ac

t
va

lu
es

of
m

as
se

s
fr

om
th

e
ex

p
er

im
en

ts
.

T
h
e

co
u
n
te

rp
ar

t
is

th
at

th
e

ov
er

d
et

er
m

in
ed

d
at

a
sy

st
em

w
il
l
al

lo
w

cr
os

s-
ch

ec
k
s

an
d

st
u
d
ie

s
of

th
e

co
n
si

st
en

ci
es

w
it
h
in

th
is

sy
st

em
.

T
h
e

ot
h
er

h
el

p
to

th
e

ev
al

u
at

or
w

il
l

b
e

th
e

p
ro

p
er

ty
of

re
gu

la
ri

ty
of

th
e

su
rf

ac
e

of
m

as
se

s
th

at
w

il
l

b
e

d
es

cr
ib

ed
in

th
e

la
st

se
ct

io
n

of
th

is
le

ct
u
re

.
T

h
e

fi
rs

t
st

ep
in

th
e

ev
al

u
at

io
n

of
d
at

a
is

to
m

ak
e

a
co

m
p
il
at

io
n
,
i.
e.

a
co

ll
ec

ti
on

of
al

l
th

e
av

ai
la

b
le

d
at

a.
T

h
is

co
ll
ec

ti
on

m
u
st

in
cl

u
d
e

th
e

‘h
id

d
en

’
d
at

a:
a

p
ap

er
d
o
es

n
ot

al
w

ay
s

sa
y

cl
ea

rl
y

th
at

so
m

e
of

th
e

in
fo

rm
at

io
n

it
co

n
ta

in
s

is
of

in
te

re
st

fo
r

m
as

s
m

ea
su

re
m

en
t.

T
h
e

co
ll
ec

ti
on

in
cl

u
d
es

al
so

ev
en

p
o
or

ly
d
o
cu

m
en

te
d

d
at

u
m

,
w

h
ic

h
is

la
b
el

le
d

ac
co

rd
in

gl
y

in
th

e
A

m
e

fi
le

s.
T

h
e

se
co

n
d

st
ep

is
th

e
cr

it
ic

al
re

ad
in

g,
w

h
ic

h
m

ig
h
t

in
cl

u
d
e:

1.
th

e
ev

al
u
at

io
n

or
re

-e
va

lu
at

io
n

of
th

e
ca

li
b
ra

ti
on

p
ro

ce
d
u
re

s,
th

e
ca

li
b
ra

to
rs

,
an

d
of

th
e

p
re

ci
si

on
s

of
th

e
m

ea
su

re
m

en
ts

;

2.
sp

ec
tr

a
ex

am
in

at
io

n
:

p
ea

k
s

p
os

it
io

n
an

d
re

la
ti

ve
in

te
n
si
ti

es
,
p
ea

k
s

sy
m

m
et

ry
,
q
u
al

-
it
y

of
th

e
fi
t;

3.
se

ar
ch

fo
r

th
e

p
r
im

a
r
y

in
fo

rm
at

io
n
,
in

th
e

d
at

a,
w

h
ic

h
d
o

n
ot

n
ec

es
sa

ri
ly

ap
p
ea

r
al

w
ay

s
as

cl
ea

rl
y

as
th

ey
sh

ou
ld

.
(i

.e
.

in
ca

se
s

th
e

au
th

or
s

co
m

b
in

ed
th

e
or

ig
in

al
re

su
lt

w
it

h
ot

h
er

d
at

a,
to

d
er

iv
e

a
m

as
s

va
lu

e,
th

e
A

m
e

sh
ou

ld
re

ta
in

on
ly

th
e
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fo
rm

er
).

It
al

so
h
ap

p
en

ed
th

at
th

e
au

th
or

s
ga

ve
on

ly
th

e
d
er

iv
ed

m
as

s
va

lu
e.

T
h
en

th
e

ev
al

u
at

or
h
as

to
re

co
n
st

ru
ct

th
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=

√
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b
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p
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d
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b
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at
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p
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+
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p
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+
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p
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d
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ra
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.
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p
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p
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d
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p
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h
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h
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h
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d
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p
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P
h
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p
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b
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at
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p
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p
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b
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p
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p
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h
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e
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h
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p
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p
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p
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b
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p
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d
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p
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b
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e

d
o
tt

ed
to

th
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as
se

s,
ei

th
er

fr
om

in
te

rp
ol

at
io

n
s

or
fr

om
sh

or
t

ex
tr

ap
ol

at
io

n
s,

as
ca

n
b
e

se
en

in
F
ig

.1
2.

4
.1

E
x
tr

a
p
o
la

ti
o
n
s

In
th

e
ca

se
of

ex
tr

ap
ol

at
io

n
h
ow

ev
er

,
th

e
er

ro
r

in
th

e
es

ti
m

at
ed

m
as

s
w

il
l
in

cr
ea

se
w

it
h

th
e

d
is

ta
n
ce

of
ex

tr
ap

ol
at

io
n
.

T
h
es

e
er

ro
rs

ar
e

ob
ta

in
ed

b
y

co
n
si

d
er

in
g

se
ve

ra
l
gr

ap
h
s

of
sy

st
em

at
ic

s
w

it
h

a
gu

es
s

on
h
ow

m
u
ch

th
e

es
ti

m
at

ed
m

as
s

m
ay

ch
an

ge
w

it
h
ou

t
th

e
ex

-
tr

ap
ol

at
ed

su
rf

ac
e

lo
ok

in
g

to
o

m
u
ch

d
is

to
rt

ed
.

T
h
is

re
ci

p
e

is
u
n
av

oi
d
ab

ly
su

b
je

ct
iv

e,
b
u
t

h
as

p
ro

ve
n

to
b
e

effi
ci

en
t

th
ro

u
gh

th
e

ag
re

em
en

t
of

th
es

e
es

ti
m

at
es

w
it
h

n
ew

ly
m

ea
su

re
d

m
as

se
s

in
th

e
gr

ea
t

m
a
jo

ri
ty

of
ca

se
s.

It
w

ou
ld

b
e

d
es

ir
ab

le
to

gi
ve

es
ti

m
at

es
fo

r
al

l
u
n
k
n
ow

n
n
u
cl

id
es

th
at

ar
e

w
it

h
in

re
ac

h
of

th
e

p
re

se
n
t

ac
ce

le
ra

to
r

an
d

m
as

s
se

p
ar

at
or

te
ch

n
ol

og
ie

s.
B

u
t,

in
fa

ct
,

th
e

A
m
e

on
ly

es
ti

m
at

es
va

lu
es

fo
r

al
l
n
u
cl

id
es

fo
r

w
h
ic

h
at

le
as

t
on

e
p
ie

ce
of

ex
p
er

im
en

ta
l
in

fo
rm

at
io

n
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F
ig

u
re

12
:

D
iff

er
en

ce
s,

in
th

e
ra

re
-e

a
rt

h
re

g
io

n
,
b
et

w
ee

n
th

e
m

a
ss

es
a
n
d

th
e

va
lu

es
p
re

d
ic

te
d

b
y

th
e

m
o
d
el

o
f

D
u
fl
o

a
n
d

Z
u
k
er

[4
6]

.
O

p
en

ci
rc

le
s

re
p
re

se
n
t

va
lu

es
es

ti
m

a
te

d
fr

o
m

sy
st

em
a
ti
c

tr
en

d
s;

p
o
in

ts
a
re

fo
r

ex
p
er

im
en

ta
l
va

lu
es

.

is
av

ai
la

b
le

(e
.g

.
id

en
ti

fi
ca

ti
on

or
h
al

f-
li
fe

m
ea

su
re

m
en

t
or

p
ro

of
of

in
st

ab
il
it
y

to
w

ar
d
s

p
ro

to
n

or
n
eu

tr
on

em
is

si
on

).
In

ad
d
it

io
n
,
th

e
ev

al
u
at

or
s

w
an

t
to

ac
h
ie

ve
co

n
ti

n
u
it
y

in
N

,
in

Z
,
in

A
an

d
in

N
−

Z
of

th
e

se
t

of
n
u
cl

id
es

fo
r

w
h
ic

h
m

as
s

va
lu

es
ar

e
es

ti
m

at
ed

.
T

h
is

se
t

is
th

er
ef

or
e

th
e

sa
m

e
as

th
e

on
e

d
efi

n
ed

fo
r
N

u
b
a
s
e

[5
].

T
o

b
e

co
m

p
le

te
,

it
sh

ou
ld

b
e

sa
id

th
at

r
e
g
u
l
a
r
it

y
is

n
ot

th
e

on
ly

p
ro

p
er

ty
u
se

d
to

m
ak

e
es

ti
m

at
es

:
al

l
av

ai
la

b
le

ex
p
er

im
en

ta
l

in
fo

rm
at

io
n

is
ta

ke
n

in
to

ac
co

u
n
t.

T
h
e

li
m

it
s

fo
r

th
e

m
et

h
o
d
s

b
as

ed
on

r
e
g
u
l
a
r
it

y
ap

p
ea

r
ra

p
id

ly
w

h
en

go
in

g
d
ow

n
to

lo
w

m
as

s
n
u
m

b
er

s
w

h
er

e
n
u
cl

ea
r

st
ru

ct
u
re

s
ap

p
ea

r
an

d
d
is

ap
p
ea

r
on

ve
ry

sh
or

t
ra

n
ge

s,
n
ot

to
m

en
ti

on
va

n
is

h
in

g
m

ag
ic

n
u
m

b
er

s.
N

eu
tr

on
-r

ic
h

m
as

se
s

co
u
ld

b
e

co
n
st

ra
in

ed
b
y

ou
r

k
n
ow

le
d
ge

of
n
u
cl

id
es

b
ei

n
g

st
ab

le
or

u
n
st

ab
le

re
la

ti
ve

to
n
eu

tr
on

em
is

si
on

:
e.

g.
st

ab
il
it
y

ag
ai

n
st

n
eu

tr
on

em
is

si
on

im
p
li
es

a
p
os

it
iv

e
n
eu

tr
on

se
p
ar

at
io

n
en

er
gi

e.
T

h
is

p
ro

p
er

ty
,

h
ow

ev
er

,
is

u
se

fu
ll

on
ly

fo
r

li
gh

t
sp

ec
ie

s,
w

h
er

e
th

e
n
eu

tr
on

d
ri

p
-l
in

e
ca

n
b
e

re
ac

h
ed

.
S
im

il
ar

ly
fo

r
p
ro

to
n
-r

ic
h

n
u
cl

id
es

,
b
u
t

h
er

e
on

e
h
as

to
b
e

ca
re

fu
ll

an
d

ta
ke

in
to

ac
co

u
n
t

th
e

C
ou

lo
m

b
b
ar

ri
er

w
h
ic

h
m

ay
h
in

d
er

p
ro

to
n

em
is

si
on

of
a

sl
ig

h
tl

y
p
-u

n
b
ou

n
d

n
u
cl

eu
s.

L
ig

h
t
p
ro

to
n
-r

ic
h

m
as

se
s

co
u
ld

b
e

d
er

iv
ed

fr
om

th
e

m
as

se
s

of
th

ei
r
m

ir
ro

r
co

m
p
an

io
n
s,

or
fr

om
th

e
I
m
m
e

(I
so

b
ar

ic
M

u
lt

ip
le

t
M

as
s

E
q
u
at

io
n
)

w
h
ic

h
sh

ow
ed

,
u
p

to
n
ow

,
to

b
e

fa
ir
ly

w
el

l
ve

ri
fi
ed

.
N

ew
d
ev

el
op

m
en

ts
in

th
es

e
d
ir

ec
ti

on
s

ar
e

in
p
ro

gr
es

s.
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4
.2

S
cr

u
ti

n
iz

in
g

th
e

su
rf

a
ce

o
f
m

a
ss

e
s

D
ir

ec
t

re
p
re

se
n
ta

ti
on

of
th

e
m

as
s

su
rf

ac
e

is
n
ot

co
n
ve

n
ie

n
t

si
n
ce

th
e

b
in

d
in

g
en

er
gy

va
ri
es

ve
ry

ra
p
id

ly
w

it
h

N
an

d
Z

.
S
p
li
tt

in
g

in
fo

u
r

sh
ee

ts
,

as
m

en
ti

on
ed

ab
ov

e,
co

m
p
li
ca

te
s

ev
en

m
or

e
su

ch
a

re
p
re

se
n
ta

ti
on

.
T

h
er

e
ar

e
tw

o
w

ay
s

to
st

il
l
b
e

ab
le

to
ob

se
rv

e
w

it
h

so
m

e
p
re

ci
si

on
th

e
su

rf
ac

e
of

m
as

se
s:

on
e

of
th

em
u
se

s
th

e
d
er

iv
a
ti
ve

s
of

th
is

su
rf

ac
e,

th
e

ot
h
er

is
ob

ta
in

ed
b
y

su
bt

ra
ct

in
g

a
si

m
p
le

fu
n
ct

io
n

of
N

an
d

Z
fr

om
th

e
m

as
se

s.
T

h
ey

ar
e

b
ot

h
d
es

cr
ib

ed
b
el

ow
an

d
I

w
il
l

en
d

th
is

se
ct

io
n

w
it
h

a
d
es

cr
ip

ti
on

of
th

e
in

te
ra

ct
iv

e
co

m
p
u
te

r
p
ro

gr
am

th
at

v
is

u
al

iz
es

al
l
th

es
e

fu
n
ct

io
n
s

to
al

lo
w

ea
si

er
d
er

iv
at

io
n

of
th

e
es

ti
m

at
ed

va
lu

es
.

4
.2

.1
T

h
e

d
e
ri

v
a
ti

v
e
s

o
f
th

e
m

a
ss

su
rf

a
ce

B
y

d
er

iv
a
ti
ve

of
th

e
m

as
s
su

rf
ac

e
w

e
m

ea
n

a
sp

ec
ifi

ed
d
iff

er
en

ce
b
et

w
ee

n
th

e
m

as
se

s
of

tw
o

n
ea

rb
y

n
u
cl

ei
.

T
h
es

e
fu

n
ct

io
n
s
ar

e
al

so
sm

o
ot

h
an

d
h
av

e
th

e
ad

va
n
ta

ge
of

d
is

p
la

y
in

g
m

u
ch

sm
al

le
r

va
ri

at
io

n
s.

F
or

a
d
er

iv
at

iv
e

sp
ec

ifi
ed

in
su

ch
a

w
ay

th
at

d
iff

er
en

ce
s

ar
e

b
et

w
ee

n
n
u
cl

id
es

in
th

e
sa

m
e

m
as

s
sh

ee
t,

th
e

n
ea

r
p
ar

al
le

li
sm

of
th

es
e

le
ad

s
to

an
(a

lm
os

t)
u
n
iq

u
e

su
rf

ac
e

fo
r

th
e

d
er

iv
at

iv
e,

al
lo

w
in

g
th

u
s

a
si

n
gl

e
d
is

p
la

y.
T

h
er

ef
or

e,
in

or
d
er

to
il
lu

st
ra

te
th

e
sy

st
em

at
ic

tr
en

d
s

of
th

e
m

as
se

s,
fo

u
r

d
er

iv
at

iv
es

of
th

is
la

st
ty

p
e

w
er

e
tr

ad
it

io
n
al

ly
ch

os
en

:

1.
th

e
tw

o-
n
eu

tr
on

se
p
ar

at
io

n
en

er
gi

es
ve

rs
u
s

N
,
w

it
h

li
n
es

co
n
n
ec

ti
n
g

th
e

is
ot

op
es

of
a

gi
ve

n
el

em
en

t,
as

in
F
ig

.1
1;

2.
th

e
tw

o-
p
ro

to
n

se
p
ar

at
io

n
en

er
gi

es
ve

rs
u
s

Z
,
w

it
h

li
n
es

co
n
n
ec

ti
n
g

th
e

is
ot

on
es

(t
h
e

sa
m

e
n
u
m

b
er

of
n
eu

tr
on

s)
;

3.
th

e
α
-d

ec
ay

en
er

gi
es

ve
rs

u
s

N
,
w

it
h

li
n
es

co
n
n
ec

ti
n
g

th
e

is
ot

op
es

of
a

gi
ve

n
el

em
en

t;
an

d

4.
th

e
d
ou

b
le

β
-d

ec
ay

en
er

gi
es

ve
rs

u
s

A
,

w
it

h
li
n
es

co
n
n
ec

ti
n
g

th
e

is
ot

op
es

an
d

th
e

is
ot

on
es

.

T
h
es

e
fo

u
r
d
er

iv
at

iv
es

ar
e

gi
ve

n
in

th
e

p
ri
n
te

d
ve

rs
io

n
of

th
e
A

m
e
2
0
0
3
,
P
ar

t
II

,
F
ig

s.
1–

36
[4

].
H

ow
ev

er
,

fr
om

th
e

w
ay

th
es

e
fo

u
r

d
er

iv
at

iv
es

ar
e

b
u
il
t,

th
ey

gi
ve

on
ly

in
fo

rm
at

io
n

w
it

h
in

on
e

of
th

e
fo

u
r

sh
ee

ts
of

th
e

m
as

s
su

rf
ac

e
(e

-e
,
e-

o,
o-

e
or

e-
e;

e-
o

st
an

d
in

g
fo

r
ev

en
N

an
d

o
d
d

Z
).

W
h
en

ob
se

rv
in

g
th

e
m

as
s

su
rf

ac
e,

an
in

cr
ea

se
d

or
d
ec

re
as

ed
sp

ac
in

g
of

th
e

sh
ee

ts
ca

n
n
ot

b
e

ob
se

rv
ed

.
A

ls
o,

w
h
en

es
ti

m
at

in
g

u
n
k
n
ow

n
m

as
se

s,
d
iv

er
ge

n
ce

s
of

th
e

fo
u
r

sh
ee

ts
co

u
ld

b
e

u
n
d
u
ly

cr
ea

te
d
,
w

h
ic

h
is

u
n
ac

ce
p
ta

b
le

.
F
or

tu
n
at

el
y,

ot
h
er

va
ri

ou
s

re
p
re

se
n
ta

ti
on

s
ar

e
p
os

si
b
le

(e
.g

.
se

p
ar

at
el

y
fo

r
o
d
d

an
d

ev
en

n
u
cl

ei
:

on
e-

n
eu

tr
on

se
p
ar

at
io

n
en

er
gi

es
ve

rs
u
s

N
,
on

e-
p
ro

to
n

se
p
ar

at
io

n
en

er
gy

ve
r-

su
s
Z

,
β
-d

ec
ay

en
er

gy
ve

rs
u
s
A

,
..

.)
.

S
u
ch

gr
ap

h
s
h
av

e
b
ee

n
p
re

p
ar

ed
an

d
ca

n
b
e

ob
ta

in
ed

fr
om

th
e

A
m
d
c

w
eb

d
is

tr
ib

u
ti

on
[4

7]
.

T
h
e

m
et

h
o
d

of
‘d

er
iv

at
iv

es
’

su
ff
er

s
fr

om
in

vo
lv

in
g

tw
o

m
as

se
s

fo
r

ea
ch

p
oi

n
t

to
b
e

d
ra

w
n
,

w
h
ic

h
m

ea
n
s

th
at

if
on

e
m

as
s

is
m

ov
ed

th
en

tw
o

p
oi

n
ts

ar
e

ch
an

ge
d

in
op

p
os

it
e

d
ir

ec
ti

on
,
ca

u
si

n
g

co
n
fu

si
on

in
ou

r
d
ra

w
in

gs
F
ig

.1
1.
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4
.2

.2
S
u
b
tr

a
ct

in
g

a
si

m
p
le

fu
n
ct

io
n

S
in

ce
th

e
m

as
s

su
rf

ac
e

is
sm

o
ot

h
,
on

e
ca

n
tr

y
to

d
efi

n
e

a
fu

n
ct

io
n

of
N

an
d

Z
as

si
m

p
le

as
p
os

si
b
le

an
d

n
ot

to
o

fa
r

fr
om

th
e

re
al

su
rf

ac
e

of
m

as
se

s.
T

h
e

d
iff

er
en

ce
b
et

w
ee

n
th

e
m

as
s

su
rf

ac
e

an
d

th
is

fu
n
ct

io
n
,
w

h
il
e

d
is

p
la

y
in

g
re

li
ab

ly
th

e
st

ru
ct

u
re

of
th

e
fo

rm
er

,
w

il
l

va
ry

m
u
ch

le
ss

ra
p
id

ly
,
im

p
ro

v
in

g
th

u
s

it
s

ob
se

rv
at

io
n
.

S
u
b
tr

a
ct

in
g

re
su

lt
s

fr
o
m

a
m

o
d
e
l

P
ra

ct
ic

al
ly

,
w

e
u
se

th
e

re
su

lt
s

of
th

e
ca

lc
u
la

ti
on

of
on

e
of

th
e

m
o
d
er

n
m

o
d
el

s.
H

ow
ev

er
,

w
e

ca
n

u
se

h
er

e
on

ly
th

os
e

m
o
d
el

s
th

at
p
ro

v
id

e
m

as
se

s
sp

ec
ifi

ca
ll
y

fo
r

th
e

sp
h
er

ic
al

p
ar

t,
fo

rc
in

g
th

e
n
u
cl

eu
s

to
b
e

u
n
-d

ef
or

m
ed

.
T

h
e

re
as

on
is

th
at

th
e

m
o
d
el

s
ge

n
er

al
ly

d
es

cr
ib

e
q
u
it
e

w
el

l
th

e
sh

el
l
an

d
su

b
-s

h
el

l
cl

os
u
re

s,
an

d
to

so
m

e
ex

te
n
t
th

e
p
ai

ri
n
g

en
er

gi
es

,
b
u
t
n
ot

th
e

lo
ca

ti
on

s
of

d
ef

or
m

at
io

n
.

If
th

e
th

eo
re

ti
ca

l
d
ef

or
m

at
io

n
s

w
er

e
in

cl
u
d
ed

an
d

n
ot

lo
ca

te
d

at
ex

ac
tl

y
th
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É

co
le

J
o
li
o
t-

C
u
ri

e
d
e

P
h
y
si

q
u
e

N
u
cl

éa
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Special topics 
 
 
 
 
The following two topics were added to the agenda: 
 
1) Nominal gamma-ray with Iγ = 100 and NO uncertainty 
2) Rounding off uncertainties  

 
 
 
1) How to handle a nominal gamma-ray intensity of 100 with an (or without any) uncertainty given. 

 
The following procedure has been suggested and approved by consensus: 

a) If authors clearly describe their uncertainties and explain that the uncertainty in Iγ = 100 has been 
folded into the uncertainties of the other γ rays, then use Iγ = 100 (with no uncertainty) in the 
DDEP evaluation. 

b) If authors do not describe their uncertainties, then include a reasonable guess for the uncertainty of 
Iγ = 100 (for example: Iγ = 100 ± 2), and use this value in the DDEP evaluation. 

 
After doing these changes, then normalize gamma-ray intensities to “intensities per 100 decays of the parent 
nuclide”. 
 
 
 
2) Rounding off uncertainties  

 
The following two proposals for presenting uncertainties were suggested: 
 
a) Uncertainties where the two most significant digits are between 10 and 25 should be rounded off to 

those two digits. Uncertainties > 25 should be rounded off to one significant digit. 
 
 b)   “To produce a central value with a number of figures compatible with its uncertainty in the 

measurement, this value should be rounded off so its error due to rounding would be less than 1/10 the 
uncertainty in the measurement”. 
This rule is commonly expressed as follows: if the most significant figure in the uncertainty is between 5 
and 9, then the central value is rounded off to that figure and its uncertainty should have just one digit. If 
the most significant figure is less than 5, then the central value is rounded off to the next significant 
figure and its uncertainty should have two digits.  

 
 
Details are given in the two following appendixes. 
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Conclusions 

 
 
 
The participants concurred that it was a fruitful meeting and made the following remarks : 

 
- Most lectures were very appropriate and helpful; 
- It would have been useful to have more time available for practicing with the use of data analysis 

software tools at this workshop. 
- They had difficulties starting their own evaluations before attending this workshop. Also, they 

anticipated a need for ongoing support from senior evaluators as they proceed with their own 
evaluations.  

- They suggested the creation of a “DDEP WEB FORUM” in the Internet for members of the 
collaboration to discuss various topics of data evaluation. 

- They suggested another training workshop by the end of 2007 or the beginning of 2008. 
 
The participants received each a CD-ROM that contained both all the DDEP software tools and the slides 
from these workshop presentations.  
   
 
 
(Note: the DDEP web forum is now available at: http://laraweb.free.fr/DDEP_forum)  
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APPENDIX  1 
 
 

Proposed guidelines for rounding of uncertainties (Draft 2) 
 

Desmond MacMahon 
 
 
1. The UKAS document M3003, The Expression of Uncertainty and Confidence in 

Measurement states: 
 

Para 8.6 
"The number of figures in a reported uncertainty should always reflect practical 
measurement capability.  In view of the process for estimating uncertainties it is 
seldom justified to report more than two significant figures.  Uncertainties should 
normally be rounded up to the appropriate number of figures but may be rounded 
down when this does not significantly reduce confidence in a measurement 
result." 

 
Para 8.7 
"The numerical value of the measurement result should normally be rounded to 
the least significant figure in the value of the expanded uncertainty quoted unless 
there are justifiable reasons for quoting more figures.  The normal rules of 
rounding apply, however, if the rounding decreases the value of the uncertainty by 
more than 5%, the rounded-up value should be used.  Rounding of results and 
uncertainties should be carried out only at the final stages of the calculation in 
order to prevent cumulative rounding errors having a significant effect." 

 
2. It is not usually justified to quote a final uncertainty to more than two significant 

figures and, in many cases one digit is sufficient, as indicated below. 
 
3. In the calculation of final uncertainties up to 3 digits should be retained during the 

calculations. 
 

4. The effect of the 5% rule would be: - 
 

uncertainties of greater than 945 and less than  1050 become  10 
  “  840 and up to  945 become 9 
  “  735 “  840 become 8 
  “  630 “  735 become 7 
  “  525 “  630 become 6 
  “  420 “  525 become 5 
  “  315 “  420 become 4 
    “ greater than, or equal to 255 “  315 become 3 
 
uncertainties, where the two most significant digits are from 10 to 25, are rounded 
in the normal manner to two significant digits. 
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5. The number of significant digits quoted in the parameter value is then adjusted to 
match those quoted in the final (k=1) uncertainty.  If the uncertainty has been 
expressed as a percentage, this is not straightforward.  It is necessary to express 
the uncertainty in absolute terms, i.e. in the same units as the parameter value, to 
determine the number of significant figures in that parameter value. 

 
6. Where uncertainties are quoted with the coverage factor k=2, rounding should 

take place for the k=1 uncertainty and the result doubled to obtain the k=2 
uncertainty. 

 
 
 
Desmond MacMahon 
20th February 2004 
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I- Introduction 
 

This document states the manner of presenting results in scientific and technical reports with 
special reference to the number of significant figures of the values of quantities and the associated 
uncertainty. 
 

How many significant figures should be given for uncertainty of measurement? It is to be 
noted that, whatever the case, if absolute uncertainty is indicated, the number of figures must be 
consistent with that of the quantity. 
Example: A = (123.45 ± 0.08) Bq and not A = (123.45 ± 0.081) Bq. 
 
 The following rule is justified below: 
 

If the first significant figure of the uncertainty is between 5 and 9, the result is rounded 
off to that decimal (uncertainty then has been given to one significant figure); if the first 
significant figure is less than 5, the result is rounded off to the next decimal (2 significant figures 
for uncertainty). 
 
 Application functions are given in the appendix. 
 
 
II- Notation 
 
 The notation used is in accordance with the recommendation in the “Guide to the expression 
of uncertainty in measurement”, i.e. preferably: 
 “A = 123.456 (11) Bq   where the number between brackets is the numerical value of the 
combined standard uncertainty relating to the last two figures corresponding to the result given”. The 
third component of the result is the unit in which the numerical value is expressed.  
 
 Examples: 
A = 123.0 (1) Bq     means A = (123.0 ± 0.1) Bq 
A = 123 (1) Bq        means A = (123 ± 1) Bq 
A = 123.0 (11) Bq   means A = (123.0 ± 1.1) Bq 
 
 
III- Rounding of results 
 

“Scientific common sense” (?) would suggest that a number with a string of decimals is not 
significant and that it “needs” to be rounded off. 
 By convention, the following empirical rule is applied “if the number that follows the decimal 
at the point where it is to be rounded off is 5 or greater, the figure is rounded off to the higher figure 
and otherwise the lower figure”. 
 
Example: 
 
Gross figure 5.6789123 5.432167 
Rounded off to 0.001 0.001 
Number rounded off to 3 decimal 
places 

5.679 5.432 

Rounding error + 0.0000877 - 0.000167 
Rounding off to 5 decimal places 5.67891 5.43217 

212



LNHB 04/13 A 28/04/2004 
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 But rounding off the gross figure introduces error into its value. This error is less than 5/9 of 
the decimal it is rounded off to. 
 
 
 
 
IV- Determination of the number of significant figures 
 
 However, all the readings given in a technical memorandum need to have three components: 
- the value of the quantity; 
- the associated uncertainty; 
- the unit.  
 

Knowledge of the uncertainty imposes the number of significant figures of the quantity. 
 

 The following rules determine the number of decimal places it is rounded off to: 
- truncation of the number must not result in loss of decimals that contain meaningful information (i.e. 
significant decimals); 
- meaningless decimals must not be left (i.e. non-significant figures). 
 
The number of significant figures of a result depends on the value of its uncertainty. Before any 
calculations are made, the following considerations need to be reviewed.  
 
 
Taking the above example: 
 
m gross number 5.6789123 5.6789123 
u uncertainty 0.006243 0.002341 
x rounding factor 5 5 
u/x  0.0012486 0.0004682 
s decimal rounded off to 0.001 0.0001 
mr number rounded off to s decimals  5.679 5.6789 
 final number 5.679 (6) 5.6789 (23) 
r rounding error + 0.0000877 - 0.0000123 
 
 
 A number x is sought such that the rounding of a number m does not result in an error in its 
value greater that u/x, where u is the uncertainty of measurement and x a factor to be determined (set 
at 5 in the above example). 
 
 It will be noted that: 
 
 • The straightforward rounding off a number is consistent with r ≤ s/2, which always remains 
true. 
 
 • The number of decimal places to be rounded off to is determined by the uncertainty, i.e. 
finding a number of x, such that s ≤ u/x, where u is the uncertainty associated with the result. 
However, to avoid leaving non-significant decimal, a relationship of the u/10x < s type must be 
complied with. 
This results in a rounded-off value such that: r ≤ u/2x. 
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 • If x < 1 then:  u/x > u ; therefore in certain cases it could be possible for: r > u/2 and the 
result of the rounding being outside the interval m ± u. Which implies that  x > 1. 
 
 • If x > 5, then r ≤  u/10 and the number of significant figures of the uncertainty can, in 
certain cases, be greater than 2. Which is unthinkable. 
 
 => The number x to be adopted must therefore be between 1 and 5. 
 
 
Notes concerning values of x : 
 

1) Number x = 5 corresponds to the recommendations of former French Standard AFNOR NF 
X 06-044 which are: “To obtain a final result containing a number of figures compatible with the 
uncertainty of measurement, the result is to be rounded off in such a manner that the error due to 
rounding is less than 1/10 of the uncertainty of measurement”. 
 

This rule is also commonly expressed as follows: if the first significant figure of the 
uncertainty is between 5 and 9, the result is rounded off to that decimal (uncertainty then has 
been given to one significant figure); if the first significant figure is less than 5, the result is 
rounded off to the next decimal (2 significant figures for uncertainty). 

 
 
Taking the proceeding example: 
 
m gross figure 5.6789123 5.6789123 
u uncertainty 0.006243 0.002341 
x rounding factor 5 5 
 results 5.679 (6) 5.6789 (23) 
 
 

2) Our colleagues at PTB use x = 3, with the result that the rounding error remains less than 
1/6. 
 
 
 
V- Value of rounding error 
 

What value should be adopted for x? Can this value be more precisely estimated in view of 
the measurements commonly made in the laboratory? What rounding error can reasonably be 
accepted? 
 
For a series of n measurements {Xi }, the average value of the results { Xi } is given by: 
 

∑=
i

Xi
n

m
1

 

 
and the experimental variance of the average of the n measurements { Xi }as follows: 
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−
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s 22
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If quantity sm is determined on the basis of experimental data, what is its uncertainty? 
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If the quantity X is distributed in accordance with a normal law, the variance of 2

ms is: 
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The relative uncertainty concerning the value of the experimental value is: 
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The uncertainty UX  associated with the experimental value m is proportional of the square root of 2

ms  
and its relative uncertainty is: 
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It is thus necessary to make some fifty measurements to obtain a relative uncertainty of the 
experimental standard deviation of 10 %. 
 
 

a) How many measurements are commonly made to determine the radioactivity of a sample 
for instance? In the case of international comparison ? Of a standardization ? 
 
Most specific radioactivity measurements are made with a maximum of 10 sources, and in an 
experimental standard deviation uncertainty of 24%. With 5 sources, the uncertainty amounts to 36%. 
And this is based on the assumption that the distribution is Gaussian, which is hard to prove. 
Furthermore, in view of the inevitable approximations and interpretations made during determination 
of the uncertainties by type B methods (the distribution law is generally unknown except in certain 
specific cases, Poisson’s law for instance) the combined uncertainty of the result is rarely known 
within more than 50 %.  
 
 

b) And what of rounding after “evaluation”of data?  
 
A data set for a given quantity rarely exceeds around ten items.  
In a certain number of cases, the final uncertainty adopted is the external uncertainty, with the result 
that the relative uncertainty of this uncertainty is necessarily greater than 1/10. 
In other cases, the final uncertainty is the standard uncertainty obtained from the experimental 
standard uncertainties given by the researchers. Here, the calculation of the variance is correct, i.e. the 
relative uncertainty concerning the evaluated standard uncertainty is as reliable as the relative 
uncertainties relating to the experimental standard uncertainties. 
This begs the question as to what is the relative uncertainty for the experimental standard uncertainty? 
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Conclusions : 
 

1) The 1/10 rule: “To obtain a final result containing a number of figures compatible with the 
uncertainty of measurement, the result is to be rounded off in such a manner that the error due to 
rounding is less than 1/10 of the uncertainty of measurement” appears to be optimistic. 
 
2) But this rule is applicable in a few cases. 
 
3) Besides, the results of measurements obtained are frequently subsequently used in calculation 
programs where new sources of error are present. In particular, the following rule should be born in 
mind: “complete the calculations before rounding”. It is accordingly preferable to retain the 1/10 rule: 
if the first significant figure of the uncertainty is between 5 and 9, the result is rounded off to that 
decimal (uncertainty then has been given to one significant figure); if the first significant figure is less 
than 5, the result is rounded off to the next decimal (2 significant figures for uncertainty). 
 
4) Examples: 
 

value uncertainty Result 
123.567 8912 0.000 512 3 123.567 9 (5) 
123.567 891 2 0.000 492 3 123.567 89 (49) 

987.21 10.567 987 (11) 
987.21 1.056 7 987.2 (11) 

98 765.432 1 56.123 98 770 (60) 
98 765.432 1 5.612 3 98 765 (6) 
98 765.432 1 0.561 23 98 765.4 (6) 

 
 
 
The appendix contains the functions for rounding off a number and its uncertainty. 
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Appendix 
 
 
Excel functions: 
' 
'Returns the rounded value of a result (or its uncertainty) as a function of its uncertainty  
' for x = 5 
 

Function ResRond(Result, Uncertainty) 
    With Application 
        ResRond = .Round(Result, -1 - Int(.Log(Uncertainty/ 50))) 
    End With 
End Function 

 
' 
'Returns the value of a result (or its uncertainty) as a function of its uncertainty 
' for x = 3 
 

Function ResRond(Result,Uncertainty) 
    With Application 
        ResRond = .Round(Result, -1 - Int(.Log(Uncertainty / 30))) 
    End With 
End Function 

 
' 
'Returns in TEXT FORMAT the rounded value of a result and of its uncertainty (e.g. 12.345(26) ) 
' for x = 5 
' 

Function ResRondTxt(Result, Uncertainty) 
    With Application 
        nb_chif = -1 - Int(.Log(Uncertainty / 50)) 
        ResRondTxt = .Fixed(ResRond(Result, Uncertainty), nb_chif) + _ 
                     "(" + .Fixed(ResRond(Uncertainty, Uncertainty) * 10 ^ nb_chif, 0) + ")" 
    End With 
End Function 
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