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Two modes of collection can be used
in thermal ionisation mass spectrometry.

Single collection :

The ion beams corresponding to the
masses to be measured are successively
introduced into the Faraday cage by a
variation of the magnetic field. For ion
currents inferior to 10" " A, the instrument
can be equipped with a secondary electron
multiplier or a Daly system.

Multicollection :

The ion beams arrive simultaneously
at the Faraday collectors which are
arranged on the focal plane. There are
different types of collector configurations
on the market containing from 2 to 9
pockets, which are usually mobile in order
to analyze several elements.

A spectrometer equipped with a
multicollector system can of course be used
also in a single collector mode.

An electrometric chain is associated
with each collector.

The gain of the collection channels
must be known and taken into account in
the calculation of the isotope ratios.

Some basic principles about
multicollection need to be recalled :

- All the ions corresponding to the
measured isotopes of the analyzed element
must be collected.

- A Faraday cage associated with a
resistance of 101* cannot measure currents
inferior to about 5 xlO"16 A.

- The dvnamic ran»e is about 1000 for

a repeatability of 0.1%.
- All the collectors must have the same

efficiency. The efficiency factors must be
maintained in time.

- The reproducibility of the collector
positioning must be excellent (i.e. a few
microns).

Advantages :

The ion synchronous collection allows
the elimination of both the effects of the
changes in thermionic emission and the
time drift of the ion currents.

This brings about a significant gain in
both the reproducibility of the results and
the length or the analysis.

Drawback :

The main drawback comes from the
calibration of the collection channels.

Calibration in the static multicollection
mode :

Calibration with a current generator :
A current source is successively fed to

the input of each amplifier. This type of
calibration is quick and accurate but it does
not take the collectors into account. It will
be used before every new sample analysis.

Calibration with an ion beam :
A stable and intense ion beam such as

Cs or Sr is placed into each collector
through a variation of the magnetic field.

The collectors are taken into account
but the setting of this type of calibration
takes a long time. Therefore it will be
reserved for the testing of the instrument.

The random error of calibration is
added to the measurement error. It is ±
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Dynamic miilticollection :

The dynamic multicollection combines
the static multicollection and the peak
jumping typical of the single collection.

The purpose of dynamic
multicollection is to eliminate the gain
corresponding to each measurement
channel including the Faraday cage, in
order to omit the systematic calibration
errors. This is done through calculations.

The employed technique consists in a
rotation of the masses on the collectors,
following a given procedure.

This principle has been used for
several years for the dating of geological
samples, using strontium and neodymuim.
Three collectors are used fo'r the
measurements (2).

We adapted this formula to the
uranium and plutonium analyses by isotopic
dilution.

The problem is then much more
complex because 5 collectors are involved
and the number of mass units between the
measured isotopes is superior to one.

Furthermore we wanted to correct the
isotopic fractionation using a normalization
isotopic couple. This turned out to be
necessary (see our mathematical
development described below).

We used a VG 354 for testing. This
mass spectrometer was equipped with 5
collectors, 4 of them being mobile whereas
the other one was fixed in the optical axis.

Positioning of the collectors :

for plutonium. The fixed axial collector is
used as a reference.

Measurement scheme :

Spectrometric reference
L2 Ll Ax Hl H2

Calculation reference :
a

233
239

b
234
240

C
235
241

d
236
242

e
237
243

The 237 and 243 masses of the H2
collector will either be fixed by
extrapolation or with reference to the Ax
collector masses, respectively, 236 and 242
(see Figure 1).

URANIUM

The adjustment of the collectors is
done using uranium and plutonium samples
containing respectively U233, U234, U235,
U236, U238 and PÛ239, Pu240, Pu241,
Pu242, Pu244.

The motion of the collectors is
controlled by the calculator.

The collection synchronism can be
monitored on the screen for a reduced mass
range.

The optimum position of the collector
axis is stored for each of the two elements.
It will not move in time as long as the
adjustments of the analyzer do not change.

Figure 1 shows the scanning of the
collectors from mass 232.3 to 237.7 for
uranium and from mass 238.3 to mass 243.7

•tin iuj
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FIG. 1 : FACSIMILE OF COLLECTION



Dynamic multicollection incidence upon
collection synchronism :

Recall :
1) The distance between the collectors

is given by :

d = R
AiM

M

in which R = 540 mm

2) When a peak is scanned, the peak
flat is characteristic of the collection of the
WHOLE ion beam, the collector slit always
being larger than the image passing through
it. On the VG 354 the collector slit is of 1
mm.

mm

Peak flat at ± 10'4

Width = 400 mass ppm, that is 0.220

Peak flat at ± 2xlO"4

Width = 600 mass ppm, that is 0.320
mm

Distance between the collectors

Our peak jumpings will place into the
collectors isotopes for which they have not
been adjusted.

Uranium
L2
233
236

that is,

Plutonium
239
242

Ax
235
238

a shift of 0.058

241
244

— >
— >

mm

— >
—>

4.615 mm
4.557 mm

4.500 mm
4.444 mm

that is, a shift of 0.066 mm.

Since these examples are the most
unfavourable ones, the shifts can be said to
be negligible compared to the width of the
peak flat.

Notations and generalities :

Characteristics of the filament loading :

The filament is loaded with a mixture
denoted M, of a sample E, and a tracer.T.

Considering an isotope x, we can
define the following symbols :

m, the atomic mass
Mx the number of loaded atoms
Ex the number of atoms coming

from E
TY the number of atoms coming

from T
The number of loaded atoms is the

sum of the number of atoms coming from T
and the number of atoms coming from E.
This can be written:

Mx = Tx + Ex

Considering 2 isotopes x and y, the
following equations can be written :

Mxy= Exy~

Characteristics of the ion beams :

For each isotope, at an instant, t, the
spectrometer gives a current, Ix t

Considering that It is the 'sum of all
the Ixt currents at the same t instant,

1 X t

(isotopic concentration )

xxy

( isotopic ratio )

We can assume that Xx is constant
during one measurement cycle, i.e. that the
Ixt variations are synchronous.

This means that : the noises are
neglected
- the discrimination phenomena are
constant
- the ion currents are independent of the
magnetic field



If k x= and k v = -

then X ^ = k ^ M ^

Under usual conditions, the Ic30. value
is in the neighbourhood of 1. It would equal
1 if there were no mass discrimination .

We will adopt an exponential
discrimination law :

in which k is constant during the
measurement cycle.

Characteristics of the collectors

The spectrometer is equipped with 5
collectors referred to as a, b, c, d, e. They
are fixed in the following way :

If a receives the ion beam of mass m
b receives the ion beam of mass m+1
c reveives the ion beam of mass m + 2
d receives the ion beam of mass m+3
e receives the ion beam of mass m+4
When an ion beam of intensity I is

received by a collector, the measurement
chain associated with the collector yields an
output signal, S.

The gain of the collector, G, is given
by:

G=-

We assume that G is independent of
-1 (linear output)
- 1 variations (the time factors are perfectly
compensated)
- the mass of collected ions

We also assume that G does not vary
during the measurement cycle.

Gzwill be the gain of collector z, with
2 = a, b, c, d, or e.

Output signal

The
receiving
denoted S.

output
isotope

'xzf

signal of
x at the

collector
instant t

Thus the formula reads :

Equation setting

For the different values of the
variables x, t and z, the above formula yields
a system of equations which, once the I t and
G_ have been eliminated, is the equivalent
ofa system of relations between the isotope
ratios having one more variable than
equations. In order to solve the problem, we
have to introduce another equation. If one
of the ratios is known the others can be
calculated. This is not the case, however, for
U and Pu. If we mix the sample and a tracer
with a known composition, equations such
as Mx = Tx + Ex can be introduced and the
problem can be solved.

URANIUM

We put • x = 3 for ; ^
x = 5 for ~ ^ U
x = 6 for «gu
x = 8 for 2 j 8 U

Definition of the measurement cvcle :

A cycle consists of 5 runs. The
magnetic field varies between each run. The
isotopes are collected according to
thefollowing table :

Collectors:

t = l :

t = 2 :

t=3 :

t=4:

t = 5:

a

111(5 = 236

m5=235

ItI3=233

b

mg=236

m5=235

ITi3 = 233

C

mg=238

m6=236

m5 = 235

d

mg=238

m6=236

m5=235

e

mg=238

m6=236

Equations :

According to the above table, the Sxz t
= Xx GzI t general formula, yields the
following equations, for each isotope at
given runs :

e q l
eq2 ôal ôffajl

S8cl = x 8 G c H

.XZt
= Xx [ tGz



eq3
eq4
eq5

eq6
eq7
eq8

eq9
eqlO
eql l

eql2
eql3
eql4

S8d2 =

s 5 b 3 -
S8e3 =

c5c4 =
S6d4 -

8Gd I2

We have a set of 14 equations in 14
variables including four Xx, five Gz, five I t
The known coefficients are the Sx-* (i.e. the
results of the measurements). Tlowever,
since these coefficients are not
independent, the set of equations is not
entirely solvable. It only allows the G2, and
It to be eliminated.

The complete calculations are
available in our lab (15 pages). An
equivalent system of two equations in three
variables is reached. It reads :

(M83) ^

M53~K12-
(M63)'

eg 11

eg 12

K11=-

in which :

S8clS3a4S3b5S8d2S8e3

K12=-

S6alS6b2S6c3S6d4S6e5

and :

S5c4S3b5S8d2S8e3

S6b2S6c3S6d4S6e5

The formula expressing Mx as the sum of
Tx and Ex leads to the following additional
equation :

M 8 3 = -

68

in which Z=T 6 3 -E 6 8 T 8 3

Substituting the obtained M 8 3 value in
equation 11,

^63-V2 «

(=68>J

This leads to the following system :

M53

M83

(M63)

—Y
U (»83

M 6 3 ~ z

E68

5 K 1 1 ( E 6 8 )

+ 3(Mg3)2Z-3(M

) 4

) 2

3_

63

(M63)

)Z2+Z

3

3=0

eq

e g

eq

12

14

15

An isotopic analysis of the sample
makes it possible to know E 6 8 . Then the
equations 12, 14 and 15 give the normalized
composition of the mixture.

Remarks:

1) The introduced value of E6|o is
affected by a discrimination error. The
interest of the method is therefore less
obvious.The calculation shows that if E6o is
much smaller thanl, the error affecting the
result is given by the following formulas :

dM,63 dE68

M63 =•68

L68

L63

I l
T3

dM83 dE68 -T83

1S 3 '68 E8ZT3

Considering the following orders of
magnitude :

T3

68

#T 6 3#1

83



f C

d E 6 8
# 0 . 0 1

= • 6 8

dM 6 3 dM
#

83
# 10 - 5

M63 M83

can be writen.

and from eq 12,

dM,
M1

• S 3 _= 4 -
dM,

•S3

•63 !

•63

d M s2 £

2) In general, the system has several
solutions. The most suitable one can be
found by introducing the following relations

A =
M63"T63

- 6 8

M53 - T 5 3 + A E 5 8

A suitable solution is obtained when
the value of M53 equals the result of eq 12.

Plutonium

In this case, we put x = 9 for r??Pu
0 f 2 4 0 P

x = 2 for 242pu
x = 4 for - 4 4Pu

Here the measurement cycle is defined by:

Collectors: a b c d e

1=1: m,=242 m4 = 244

t = 2 : m1 = 241 m2 = 242 m4 = 244

t = 3 : m0 = 240 1^=241 m2 = 242 m4=244

t = 4 : m9 = 239 mo = 24O m, = 241 m2 = 242

t = 5 : ni,, = 239 Hi0 = 240

Equations :

SX^J = Xx G2 Ij. general formula yields the
following equations, for each isotope at
igiven run;

eq

b .

1
eq2

eq
eq

j

4
eq5

eq6
eq7
eq
eq

eq
eq
eq
eq

eq
eq

8
9

10
11
12
13

14
15

S
4d2

S4e3

S2d4

We have a set of 15 equations in 15
variables including five Xx, five G2, five It
The known coefficients are the Sx_t (i.e. the
results of the measurements).' TFîowever,
since these coefficients are not
independent, the set of equations is not
entirely solvable. It only allows the G2 and
I t to be eliminated.

. A system of two equations in three
variables is reached. It reads :

( M 9 4 ) 2 = K 1 3 ( M 2 4 ) 5 eq 13

M 0 4 =K 1 4 (M 2 4 ) 2 eq 14

in which

K13 =
4e3

2 d 4

and :

K 1 4 =
S0b4S4d2

S2b2S2d4

Since K ^ and K14 depend solely
upon the measurements, they can be known.
Equations 13 and 14 include the three
isotope ratios as variables. Finding a

According to the above table, the



solution requires the introduction of an
additional equation.

Starting from Mx= T x +E x the
following equation can be obtained : '

M94 =
M24-Z

=•29

in which Z = T 2 4 - E 2 9 T 9 4

If the isotopic compositions of T and E are
known, the values of E29 and Z can be
known too.
Substituting the obtained M94 value,

= K 1 3 ( M 2 4 ) 5

This leads to the following

( M 9 4 ) 2 = K 1 3 ( M 2 4 ) 5

M 04= K 14(M 2 4 ) 2

K 1 3 ( E 2 9 ) 2 ( M 2 4 ) 5 - ( M

+ 2Z(M24)+Z2=0

system :

eq

eq

) 2

eq

13

14

15

Since equation 15, in which the unique
variable is M94, is a fifth-degree equation, it
is solvable. M94 and MQ4 are given by,
respectively, equation 13 and equation 14.
Thus, the normalized isotopic composition
of the mixture is obtained.

Remarks:

1) The introduced value of E29 is
affected by a discrimination error.

The calculation shows that if E29 is
much smaller than 1, the error affecting the
result is given by the following formulas:

dM24 dE29 =•29

« 2 4

d M94

M 9 4

Considering
magnitude :

E 2 9

d E 2 9

E 2 9

the

T 2 4

- T 9 4

E9ZT4

following

T4

orders of

T4
#T24#1

# T 9 4 # 0.012 9 # T 9 4

dE29
#0.01

=•29

the following errors are obtained :

dM24 dM,
9 4

M24 M194

and from eq 14,

3 =2. :

2) In general the system has several
solutions. The most suitable one can be
found by introducing the following relations

A ^

J04

M24"T24

T 0 4+AE 0 9

A suitable solution is obtained when the
value of MQ4 equals the result of eq 14.

Experimental :

The dynamic multicollection-based analysis
method was tested using synthetic mixtures
of NBS standard solutions such as NBS 500
and NBS 947, and double isotope tracers,
respectively uranium and plutonium (233U -
236U - 242Pu- 244Pu). The two NBS solutions
were used for the production of the
quadruple tracer (1). Their concentrations
and their isotope ratios are precisely known.

Guaranteed value of 2 3 3 I y 2 3 6 U .
2.36985 ± 0.00025

Guaranteed value of 2 4 2 Pu/ 2 4 4 Pu :
0.44970 ± 0.00010



The quantities of NBS and tracer solutions
used for the mixtures were calculated so as
to obtain ratios that could be measured by
the mass spectrometer under the best
conditions (values between 1.5 and 3).
The isotopic values of NBS 947 were
corrected for radioactive decay.
For each mixture, seven loadings of,
respectively, 2jig for uranium and 500 ng for
plutonium, were put on triple ATES-type
filaments of rhenium, 30 jim thick.
Firstly, the calculator positioned the
collectors according to the analyzed
element. The heating of the filaments was
performed as in conventional analyses (for
example, the total ion current was equal to
3 XlO-11A).
When required, the peaks are readjusted on
the axial collector. The absent masses or
those whose value is very low are
determined by interpolation.
The central peaks were stored- and their
positions were readjusted between each
series of measurement. The peak jumpings
associated with the measurement cycle of
our dynamic multicollection have been
defined above.
Each analysis involved the following
sequences :

Sequence 1 : Ion current set to 3 XlO^1A
six series of 10 scans in the single collector
mode.

Sequence 2 : Ion current set to 3 xl
six series of 10 scans in the dynamic
multicollector mode.

Sequence 3 : Ion current set to 3 xlO'^A
six series of 10 scans in the static
multicollector mode.

The isotopes that were measured for
normalization and isotopic dilution in the
single and multicollector modes are the
following :

Results :

Uranium masses
Plutonium masses

233 235 236 238
239 240 242 244

For every sequence, the programme gave
the values of both raw and calibrated
isotope ratios for the mixtures and the NBS
standard. The given values were those that
had been measured after every scan (i.e.
individual values), after every ten scans (i.e.
average values) and during the whole
sequence (i.e. general average).

URANIUM

For each filament loading, Figure 2 shows
the value of the calibrated general averages
of the 235/238 ratio, obtained from the
static and dynamic multicollection. This
figure also illustrates the average value
obtained from the seven loadings and its
standard deviation. The single collection
mode is not represented because of the
dispersion of the points, which was too
important (i.e. around 0.1 %).
The guaranteed value of the NBS 500
standard can be seen in Figure 2 :

(235/238) N B S = 0.9997

1,0002

,8999

NBS 500

.998« •

.8993 -

,999
O)
CJ
CM

FIG. 2 : Experimental points for uranium.
Static multicollection
Dynamic multicollection.

In the static multicollection mode, the
average value obtained from the seven
filament loadings is

(235/238) M C = 0.99934 ± 0.00015

The deviation from the guaranteed value
reaches - 0.036%.
The average value for the dynamic
multicollection is

(235/238) D M C = 0.99977 ± 0.00015



The deviation from the guaranteed value
reaches - 0.0076%.
The results obtained from the static
multicollection show a deviation from the
guaranteed value due to the fact that the
electric gains of the measurement chain are
the only ones to be corrected. When the
total gains of each collector, including its
physical response, are corrected, that is to
say when using the dynamic multicollection
mode, the deviation is eliminated and the
measured values are almost congruent with
the standard ones.
The systematic error due to isotopic
fractionation is eliminated as well as the
systematic errors coming from the efficiency
o'f each collector.

PLUTONIUM

Figure 3 shows the results obtained for
plutonium.
The guaranteed value of the NBS 947
standard is

(239/240) N B S = 0.24127

NBS 947

.24OB

Depot

FIG. 3 : Expérimental points for plutonium.
Static multicollection
Dynamic multicollection.

The average value for the seven loadings in
the static multicollection mode is

(239/240) M C = 0.24115 ± 0.00006

The average in the dynamic multicollection
mode is

(239/240) DMC = 0.24118 ± 0.00003

Although the two average values obtained
in the static and dynamic multicollection
mode are inferior to the guaranteed value
of the NBS 947 standard, they are situated
in the standard deviation accepted by NBS.
It should be noted that the mass
dispersions, particularly in the dynamic
multicollection mode, are about one
hundred times less significant than the NBS
dispersion.
Whatever the mode, the value of the
measured ratio for plutonium is the same.
Mass dispersion is less significant in the
dynamic mode.

DISCUSSION

The use of dynamic multicollection for
uranium analysis leads to a correction with
respect to the static analysis. This correction
does not exist in the plutonium analysis.
The analysis of the two compounds is,
however, very similar, the main difference
lying in the use of the collectors and in the
measurement scheme.

In the static multicollection mode,
the isotopes are collected as follows :

233 234 235 236 238
Ll L2 axial Hl H2
(for uranium)

239 240 241 242 244
Ll L2 axial Hl H2
(for plutonium)

It can be noted that the " 3 U isotope
falls in the axial collector. This isotope is
used directly during the internal calibration
since it is taken into account for correcting
the measured sample contribution witn
respect to the tracer.

Although the ^41Pu isotope falls in
the axial collector in the plutonium analysis,
it is not used for internal calibration and
there is no correction by the dynamic
multicollection. Consequently, the
systematic deviation which was found
between the static
and the dynamic collection in the uranium
analysis probably results from the axial
collector gain estimate.



It should be remembered that the
axial collector of our VG 354 mass
spectrometer is placed about 15 cm away
from the focal plane in order Xo make the
ion deviation possible during the use of the
Daly electrode. This changes the gain of the
collector and therefore a correction value
after calibration is given by the
manufacturer . Consequently, this value
appears to be slightly erroneous (about
0.036%).
Our method of internal calibration in the
dynamic multicollection mode allows us

to eliminate the two main causes of
systematic error during the analysis process.
The systematic errors are due to isotopic
fractionation (principle of internal
calioration) and to a poor knowledge of the
actual collector gams. Their elimination
leads to results that are both accurate and
reproducible, i.e. with an accuracy of 0.01%.

Furthermore, our gain correction
method can be applied during a sample by
sample analysis, which is a strongpoint with
respect to other methods requiring a
preliminary calibration of the instrument
(3).


