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ABSTRACT

Absolute neutron capture cross section measurements from

0.01 to 10 eV using a Moxon-Rae detector are described. For
the calculation of multiple scattering and gamma attenuation
effects in samples new improved methods were developed. Cross
section curves were evaluated for the elements Vanadium,
Manganese, Cesium, Europium, Dysprosium, Lutetium and Tantalum
as well as for the isotopes 151Eu, 153Eu, 175Lu and 178Lu.

The accuracy attained is 2-4 % from 0.01 to 1 eV and 3-5 %

above 1 eV. For some resonance cross sections above 4 eV the

total error increases up to 10 %.
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I. INTRODUCTION

Neutron capture cross sections in the thermal and epithermal
energy region are still required for several elements and
isotopes. These cross sections are needed for different
purposes such as detector applications, fission product
poison calculations, burn-up calculations, flux measurements

and others.

In order to fulfil requests for neutron data the capture
cross sections for the elements Vanadium, Manganese, Cesium,
Europium, Dysprosium, Lutetium and Tantalum have been
measured in the neutron energy range from 0.01 through 10 eV.
The cross sections of the isotopes 15I]Eu, 153Eu, 175Lu and
176Lu were determined by means of additional measurements

on samples enriched in 153Eu and 175Lu, respectively.

A special interest was taken in the Dysprosium- and Lutetium
cross sections. Dysprosium has found a widespread application
as an activation detector for thermal neutron fluxes as its
cross section obeys nearly the 1/v-law and the resonance
integral is relatively small. It is also suited as burnable
poison material. Lutetium is a convenient detector for the
determination of the neutron temperature because, on account
of the resonance at 0.14 eV in 176Lu, the activation of a

given lutetium foil becomes strongly temperature dependent.

The Manganese cross section is needed for precise standardi-
zation of emission rates of neutron socurces and the Cesium-
and Europium cross sections are useful for fission product

poison calculations.

Besides the well known capture cross sections of Gold and

Indium the Tantalum cross section is considered ta be useful




as a standard for neutron capture cross section measurements.
Up to the present the values of this cross section between

0.01 and 10 eV were determined only with poor accuracy.

The requests for the above mentioned cross sections are
characterized by - from the experimental point of view -
high accuracy requirements. For this reason we had to de-
velop new improved methods for the determination of back-
ground and dead time corrections as well as for the calcu-

lation of multiple neutron scattering and gamma-ray attenu-

ation effects in samples in order to reduce thé systematic

errors.,

IT. FACILITY

The neutron source used in these measurements was the thermal
reactor DIORIT (24 MWth) of the Swiss Federal Institute for
Reactor Research (EIR). The neutron spectrum coming out from
the collimator of the radial beam tube shows a Maxwellian
distribution for energies less than 0.25 eV and an 1/E-
behaviour for higher energies. After having passed through

a parallel plate type fission counter which served as flux

monitor, the neutron beam was pulsed by means of a fast

chopper.

The chopper rotor consists of a K-Monel (66 % Ni, 29 % Cu,
3% AL, 1 % Fe, 1 % Mn) disk of 210 mm diameter with a slit
package of six straight slits, each 1.4 mm in width. The
rotating speed can be adjusted between 1500 and 24000 rpm

and kept constant within ¥ 0.5 %. Two slit collimators,




one in front of, the other behind the chopper are used to
produce a relatively narrow spot size at the sample,
located 15 m from fhe rotor, as well as to reduce the back-
ground due to fast neutrons and gamma-rays from the centre

of the reactor.

The neutron energy was determined by conventional time—o?-«
flight techniques. The effective flight-path length was
15.34 metres. The entire flight path was maintained at a
pressure of less than 10_3 mm Hg, including an additional
0.4 m beyond the sample. The timing pulses (start pulses)
for the muitichannel time-of-flight analyzer were produced
by the chopper itself in the following way: A collimated
beam between a light-source and a photomultiplier is inter-
rupted by the rotating disk. Each time the rotor slits are
parallel to the incident neutron beam, this channel is
opened by a built-in diaphragm which is provided with a
rectangular slit. Thus, a triangular pulse is geherated
whose maximum corresponds to the moment of maximum neutron
transmission. The start-pulses are obtained from the
differentiated triangular pulses by means of a timing
discriminator, the output signals of which are accurately

timed to the crossover point of the bipolar input pulses.

As multichannel time analyzer the LABEN-Correlatron-1024 ‘
system in connection with the time—of—?iight unit TV 60/4096

was used. The main features of this system are:

- adjustable channel groups : 1024, 512, 256, 128.

- channel width variable in steps of factor 2 from 0.125
to 128 usec.

- built-in delay of the start-pulse variable in steps equal
to 24, 25, 26, ...... , 219 psec multiplied by a number

between 1 and 9. A delay ranging from 0 to 4'718'592 usec




can thus he introduced.

- fixed dead time : 8 usec for any channel width.

For the measurement of pulse-height spectra the TOF-unit

was replaced by a fast converter, type LABEN FC 60/4096.
The whole electronic equipment of the TOF-spectrometer,

inclusive control units and alarm circuits, as well as the

mechanical setup are described in detail elsewhere (1),(2).

ITI. DETECTOR

The capture cross sections reported in this paper were
measured by observing the prompt gamma-rays that are emitted
by the compound nucleus upon neutron capture. In general,
several gamma-rays are emitted whose spectral distribution

is a function of the capturing isotope and the neutron

energy. The total énergy of the gamma-rays (EY tot] is

very nearly equal to the neutron binding energy (EB] of the

compound nucleus. The difference between the prompt gamma-
ray energy and the neutron binding energy is due to the
kinetic energy of the neutron being captured, which is
very small at the neutron energies considered here and can
be neglected. Since it is usually not possible to make
corrections for changes in gamma spectra with neutron
energy, the gamma-ray detector should have a detection
efficiency that is independent of the gamma spectrum. This
has been achieved by the Moxon-Rae detector (MRD) that was
used for these measurements. Its efficiency shows a good
linearity with gamma-ray energy and amounts to about 0.25

percent per MeV. This property implies that the efficiency




for detecting a capture event is proportional to the total
gamma-ray energy i.e. to the neutron binding energy of the

compound nucleus being studied.

Details of the detector construction are giveh in (3).
Briefly, the detector consists of four plastic scintillators
(NE 102 A, diameter 10 cm, thickness 0.05 cm) mounted on
four photomultipliers (EMI 9530 B) symmetrically surrounding
an evacuated aluminum tube (diameter 9 cm), which contains
the sample. Between the scintillator disks and the aluminum
tube there are slabs of graphite (thickness 3 cm) forming

a cube of 15 x 15 x 15 cm. The graphite (density 1.70 g/cms)
serves as gamma-ray to electron converter. The scintillator
sheets, by means of which the electrons are detected, are
coated with a thin aluminum reflector, which was deposited
by vacuum evaporation. A typical pulse height spectrum as

well as the discriminator setting are shown in Figure 1.

Iv. DETECTOR CALIBRATION

The eFFiciéncy of the detector was determined by means of
calibrated gamma-ray sources up to 4 MeV total gamma-energy

and by the saturated resonance technique between 6 and

3 MeV. The most important properties of the gamma-sources

used are listed in Table I. The absolute activities during

the calibration measurements were about 10 uCi, the accuracies
are given in column 4. The gamma-ray self-absorption effect

of the sources was < 0.2 %, hence, no correction was necessary.

Thus, the detector efficiency is given by

€ = (4.1)




where

= counts observed, corrected for background and dead time
A = activity of the gamma-source (dps)

= counting time (sec)

TABLE I
Gamma-sources used for calibration
nuclide EY,tot TV2 AA/A
Cs 137 0.662 MeV 30.6 vy 1.1 0%
Mn 84 0.835 312.7 d 0.5
Fe 59 1.185 45,0 d 1.0
Na 22 2.196 2.602 vy 0.8
Co 60 2.506 5.264 vy 0.5
Yy 88 2.646 107.4 d 1.0
Na 24 4.122 15.00 h 1.0

The neutron resonances used for calibration abaove 5 MeV are
listed in Table II. The saturated resonance technique con-

sists in measuring the counting rate of prompt y-rays fram

TABLE II
Neutron resonances used for calibration
nuclide En,res EB=Ey,tot
Ta 181 4.28 eV 65.063 MeV
Rh 103 1.28 65.999
Sm 149 0.098 7.985
Cd 113 0.178 3.041

a sample which captures essentially all of the incident




neutrons in the resonance region. This is indicated by a
flattened resonance peak in the time-of-flight spectrum. It
is important that capture predominates over scattering in
order to reduce the corrections for scattered nesutrons, and
the thickness of the sample material must not be sufficient
to produce considerable gamma absorption effects. The

detector efficiency is then obtained from

*WRo T T -g F 011{:0 . F1 ) F1 (4.2)
m N s n sc ab

where

C = counts observed, corrected for background and dead time

Cm = monitor counts observed during the measurement

@n = number of incident neutrons per monitor count and cm2

FS = sample area (cmz)

Tn = transmission of incident neutrons through the sample

O, = Doppler-broadened capture cross section of the sample
material

Op = Doppler-broadened total cross section of the sample
material

FSC= correction factor due to multiple neutron scattering
in the sample

Fab= correction factor due to gamma-ray self-absorption

in the sample.

The determination of the number of incident neutrons or the
absolute neutron flux, respectively, is described in the
next section of this paper. The methods used for the calcu-
lation of multiple scattering effects as well as of gamma-
ray self-absorption effects will be treated subsequently.

In its final form the relationship (4.2) becomes
o

1+-=2:T0Q
c °c L (4.3)
€ = . . .
MRD C «d *F 1-T S
m n s n Y




o = scattering cross section (total minus capture) of
the sample material

TQ = average transmission of scattered neutrons.

Since TQ < Tn << 1 and 08/0C << 1 for the resonances
considered here, only rough cross section values are needed
for the calculation of the scattering correction factor.
The self-absorption factor SY (<1) represents the mean
gamma-ray transmission averaged over the whole capture

gamma-ray spectrum.

The results of the calibration measurements are shown in
Figure 2. By means of a least-squares fit the.Following

value for the detector efficiency per MeV was found:

34
MRD = g = (0.253 ¥ 0.003 % / MeV (4.4)

Ey,tot

V. FLUX MEASUREMENT

Once the detector efficiency per MeV has been determined
the incident neutron flux can be measured by means of a
sample material whose capture cross section is already well
known and much greater than the scattefing cross section.
These conditions are fulfilled very well by the gold cross
section.However, due to the resonance at 4.381 eV this
standard is not suitable in the energy range between 2 and
10 eV because the accuracy of the flux determination de-
creases with increasing gradient of the standard cross

section.




Another possibility consists in the application of the
1DB(n,ay)7Li-reaction whose cross section is proporticnal
to the inverse of the neutron velocity (1/v - law) over
the whole region of interest. Unfortunately the gamma-ray
energy is only 0.478 MeV, thus lying far below the region
of neutron binding energies. Furthermore, the linearity of
detector efficiency with gamma-energy becomes worse for

energies below 0.5 MeV and, hence, the accuracy decreases

too.

For these reasons we have applied a new method for the
determination of the absolute neutron flux at the sample

A 6Li-loaded glass scintillator (NE 812) of the same dia-
meter (1VY2") was mounted on a two inch photomultiplier

(EMI 6097S). A thick (10 mm) diaphragm of sintered B,C
(density 2.49 g/cmB) was fixed in front of the scintillator
in order to avoid background counts due to neutrons which
are scattered by the surrounding materials (multiplier,
housing, etc.). The whole assembly was placed inside the
evacuated through tube so that the scintillator was located
in the same position as the capture samplgs before. The
construction of this assembly as well-as of the sample-
holder used for the capture cross section measurements, allowed
a quick exchange of the two from the end of the tube. Before
each exchange the flight tube had to be filled with air and
afterwards evacuated again. In order to get a short evacu-
ation time the flight tube was provided with a pipeline
valve just before the shielding of the MRD, thus only a
small part of the whole flight tube had to be filled and

re-evacuated.

The glass scintillator used consists of (composition by

weight) 17.0 % °Li 0 , 0.9 3 ’Li0 , 2.6 % Ce,0, and

78.5 % SiOz . The total macroscopic cross section of this




material can be written
a

Zt = a,J + 2

En

a4

ing,

and a, being caonstants.

the second one due to the BLi(n,a)

other reactions, e.g. (n,Yy),

get exact values for a, and a

1 2

carried out using the scintillator-disk

are negligible.

separate

The first term is due to scatter-

TT - reaction. All
In order to
measurements were

as a neutron filter

and a second scintillator of the same kind as neutron de-

tector. Thus, the neutron transmission
scintillator could be determined over t

range from 0.01 to 10 eV.

Using the equations

(T ) of the
no

e entire energy

Tno = exp(-thO]
c
1n — - nd = oo, (5.1)
no /?:
[01 = a1do » G, = aZdO) ,
dO being the thickness of the scintillator, the parameters
C and c, were found by means of a least-squares fit

+

01 = 0.02169 I 0.00197
02 = 0.25025 * 0.00080 (eV
for dO = 0.10 cm

This shows that the 6Li—glass—scintilla

suitable flux detector up to 100 eV bec

reaction predominates over scattering,

10

/2
) (5.2)

tor (LID) is a

ause the (n,o)-

the neutron




capture is essentially radiationless and the response curve
(Figure 3) affords excellent pulse height discrimination
against background gamma radiation. Furthermore the in-
trinsic efficiency of the detector is very close to 100 %
because of the small ranges of the a- and T—particies with-

in the scintillator materials.

The absolute neutron flux @n per channel is thus given by

N L +% :
o - o . o s 1 . 1
n C +F z 1-T f
mo O a no so
1+Zs/za
With Fso = T+ 10 /% it follows that
"5 o' To
N 1+Z *TQR _/%
o = 2 . s 0 ¢ (5.3)
n C +F 1-T ~
mo O no

Using the parameters G and C, the relationship (5.3) can

be written

N 1+c,*TQ_+vE /c
o = 0 . 1 o n 2 (5.4)
n C__-F _
mo o 1-exp( Cy CZ/VEn)

where
@n = npumber of incident neutrons per monitor count and cm2
NO = counts observed, corrected for background and dead

time
FO = scintillator area (sz)
Cmo = monitor counts observed during the measurement.
ZS = macroscopic scattering cross section
Za = macroscopic (n,d)—croSs section




f = correction factor due to multiple scattering of
neutrons within the scintillator

En = neutron energy (eV)

Tno = neutron transmission of the scintillator

TQO = TQ(TnO,dO,PD) = average transmission of scattered
neutrons (PO = scintillator radius).

VI. CROSS SECTION MEASUREMENTS

The capture cross sections reported in this paper were measured
by means of samples of various thicknesses usingvvarious
chopper speeds, neutron burst widths, time channel widths

and delays of start pulses. These parameters were optimized
with respect to energy resolution and systematic as well

as statistical errors in order to get data of sufficient
accuracy in a reasonable time. For sach measurement three

time-of-flight spectra had to be determined:

RUN 1 : Spectrum of capture detector (MRD), sample in
RUN 2 : Spectrum of flux detector (LID), sample out

RUN 3 : Spectrum of flux detector, sample in filter
position just behind the chopper

The shapes of the time-dependent backgrounds were determined
by repeating the three runs with an additional boron-carbide
filter which absorbed essentially all thermal and low
gepithermal neutrons (T = 0.003 for En = 10 eV). These
background spectra were corrected for the fast neutron
transmission of the B4C-Filter (details are described in
section VIII) and then normalized to the exact background

rates in the following way : The channel width, the total




number of channels and the delay of the timing pulses were
chosen so that the last 50 channels of the time-of-flight
spectra mentioned above corresponded to neutron energies
lying below the chopper cut-off energy. Thus, the accumulated
counts in those channels indicated the upper tail of the
exact background curve, and the absolute normalization

factor could be found by comparison with the separately

measured background spectra.

VII. CROSS SECTION ANALYSIS

The counting rate observed in a time channel of RUN 1,

corrected for background and dead time, can be written

(7.1

where FS is the sample area and e is given by equation (5.4)
which contains No’ the counts observed in RUN 2. The nsutron
transmission of the sample Tn is determined by the number

of counts N, observed in RUN 3

t
C
T = Nt o (7.2)
n a) mt
Cmo’ Cmt being the corresponding monitor counts. Using the
relation
o
S
T+ — 1
fo_ = 2 = (7.3)
scC o o,
1+ TR TQ+ (1-TQ)
o o
c t




for the multiple scattering correction factor and solving

equation (7.1) for the capture cross section G_» We obtain

o & plot'm (7.4)
c 1-p+ (1-TQ)
Nc
with p = — (7.5)
Cmc @n-FS-(1 Tn) €MRD-SY
N 1
and o, = S 1n Tn (7.8)

where

v = number of sample atoms/barn

F8 = sample area (cm?)

FD = flux detector area (sz)

€MRD " eD'EB , EB being the binding energy of the captured
neutrons

TQ = TQ(Tn,d,P) = average transmission of scattered
neutrons (d = sample thickness, r = sample radius)

S = self-absorption factor taking into account the

capture-y-ray attenuation by the sample itself.

The calculation of TQ and SY will be treated in section X
and XI, respectively. It should be noted here that, due to
the definition of oy according to (7.6), formula (7.4) is
also valid for samples of chemical compounds (oxides,
carbonates, etc). The only condition which must be fulfilled
is that the capture cross sections of the strange atoms are
very small compared to the capture cross section o of the
element which is to be determined. v then signifies the

number of atoms/barn of that element.




If the element under cansideration consists of several

isotopes, o_ in (7.4) has to be replaced by ¢ = I a.o_ .,
c C 1 C,1

a, being the abundance of the i’'th isotope. The counting

efficiency of the MRD is then given by

)X ai'cc,i‘EB,i

MRD 0 I a.-0o
1 C

(7.7)

The efficiency thus becomes energy dependent.

For the determination of the isotopic sections o, 3
enriched samples are needed (as much different degrees of
enrichment as isotopes are present). Then the following

equations must be solved by iteration

-1

00,1 @uq @qp  reees @, 00’1
00,2 o4 8op seees A 00,2
- = - '] * 1 ] (7'8)
Oc,k 84 Tpp et A qc’k
p.-o' _uTQ..
. — - J t:J J
with s, 3 T (170 ] (7.9)
J J (j=1,...,K)
L a0, 1 Fg 4
and £, = g€ _ 2 2 .
J 0 L a,.*o . (7.10)
ij “c,i

Since the capture-y-ray spectra of the different isotopes
are not equal, the self-absorption factor S is also a

function of the sample composition (i.e. of the aij)'




Unfortunately only capture-y-ray spectra for the natural
elements are available up to the present. Thus we have to
set SY:j = SY » the self-absorption factor for natural
element samples. As it was pointed out elsewhere (4), the
error thus introduced is very small provided that D.QSSY$1,
a condition which is fulfilled in most of the cases

treated in this paper.

If there are two isotopes contained in the element under

consideration (k = 2) equation (7.8) can be written
5 e DU Il
c,1 DET | 927 %, 1 997"%,2
(7.11)
o S a,"o - (1 - ) o ]
c,2 DET | %1 %c,2 927 %,1 |
where DET = a, *a, - 1 + Eguation (7.10) becomes
] . 1%, %8, " 1T0% 00,0
! 91" %, 1 (1maydog,; °
(7.12)
] _ (1_82)00,1'EB,1+ .32.<5C,2-EB’2 ..
2 (1—a2)0C,1+ 85,70, 5 0

The capture cross sections of 151Eu and 153Eu as well as of

175Lu and 176Lu were determined by iteration using these

relations. The initial values for 81 and €2 were




™
I

P [ajEB‘,'] + (1-a1)EB,2]-€0
(7.13)

m
1}

5 [(1—82)EB,1 + aZEB,Z ]-eo

For the abundances a, and a, see Table IV .

If only the capture cross sectiaon of the natural element
is to be determined and no enriched samples are available,
then equation (7.7) must be replaced by approximative

expressions

Iajeol Eg
€wrp™ = o s (7.14)
I a,«0_ .
i “g,i
th .
where o = o .(0.0253 eV), values which are already

c,1 c,1
known with sufficient accuracy for all isotopes reported

here. (7.14) is a very good approximation for cross sections
which show a nearly 1/v - behaviour (sub-resonance region).
In the resonance region € can be determined by interpolation

between some characteristic supporting points

8peak = EO-EB,i (7.15)

in those channels where the peak of a resonance of the i'th

isotope occcurs, and

€valley= E'Eo'(EB,i+EB,j) (7.16)

in those channels where the minimum between two resonances

(one of the i’'th, the other of the j'th isotope) occurs.




If both resonances are of the same isotope, then of course

€valley Epeak

For the evaluation of the Vanadium cross sections only
(7.14) was used. For Europium, Dysprosium and Lutetium
(7.14) was used in the sub-resocnance region and the inter-
polation method above. In the case of Dysprosium the o .-

c,i
values from Danelyan (5) (161Dy, 162Dy, 163Dy) and Sher (B)

(164Dy) were used between 0.02 and 1 eV.

These approximation methods for the calculation of the
neutron-energy dependent detector efficiency have proved to
be very good so that the iteration method for the determi-

nation of isotopic cross sections is commonly superfluous.

VIII. BACKGROUND DETERMINATION

The background spectra mentioned in section VI show a
smooth shape so that the curves can well be fitted to a
three-parameter function of the neutron time-of-flight or
the channel number, respectively. The fitted function is
used for the normalization described in VI as well as for
background subtraction. A maximum accuracy of the back-

ground correction is thus attained.

The background spectrum of the MRD observed by means of a

boron-carbide filtered beam can be represented by

By 4 = Cqq * Cpprexp(-Z0-Fltg)))
(8.1)
(D-Bh]'sinwt¥1
' £t -
with  Fltey) (D-6h)sinwt . +6h




z = average macroscopic cross section of the chopper
material for the beam hole background radiation
(fast neutrons, y-rays) detected by the MRD

D = diameter of the chopper rotor

h = slit width (number of slits = B5)

w = 2nf = angular frequency of the chopper rotor

tFl = neutron time-of-flight

The parameters C11, C12 and ZM are determined by means of a

least-squares fit. Repeating the measurement with an ad-

ditional B4C— filter of the same shape, thickness and

density, one obtains

B, 5 = Cyy * Coprexpl-IyDrflt,))) (8.2)

The numbe- of background counts per time channel corre-

sponding to Cmo monitor counts can now be written (8.3)

a) no filter
B, = ZFACmC.[bC,1+bc,2+bc,38Xp(_ZMD.F(tF1)]]
b) one filter
BC’1= 2FACmC’[%C,1+TB,1-(bc,2+bc’38xp(-ZMD-F(tfll))]

c) two filters:

B, 5" ZFACmC'[Fc,1+TB,2.(bc,2+bc,38Xp(_zMD-F(tfl)])]

where
T = transmission of one filter for the beam hole
B,1 . .
background radiation
TB 2 = transmission of the two filters joint in serie
’ 2
(TB,Z = Tg,1)




1

chapper frequency (sec ')

channel width (sec)

By comparison of equations (8.1) and (8.2) with (8.3/b)

and (8.3/c) the coefficients bC ; (i=1,2,3) are determined

’

as follows

T ) o

B, C,s

o ) oy o b

c,1 2TAC C c,2

mc 12
(8.4)

5 L I o

c,2 L2780 c,3

1 i 1 “i2 L.

c,3 2FAC_ C, 12

Since the coefficients bC ; are independent of the chopper

’

frequency as well as of the channel width, they have to be

determined anly once for a certain sample.
The background for the flux detector is determined ana-

logically. The number of background counts per channel in

a flux measurement is given by

BD = 2¥ACmO'[:bO’1 + bo,2 + b0,3'exp(-ZND'F(tFl)):] (8.5)

and in a transmission measurement

Btv= ZPACmt-[:bo,1+TS-(b0,2+bol3-exp(—ZND-?(t¥1)))] (8.6)




ZN = average macroscopic cross section of the chopper
material for the beam hole background radiation
detected by the LID

TS = average transmission of the sample for fast neutrons.

IX. DEAD TIME CORRECTION

In order to get the true counting rates per channel NC/Cm
N_/C and N_/C , the observed counts N*, N* and N}
0" “"mo t’ “mt o 0 t
are to be corrected not only for background counts but
also for dead time losses. For our TOF-spectrometer the

following equations were used

N* N
Nc N C* h Bc ’ n; = C{
1 - n 'TC ZFA c
* * (9.1)
No= o - B CL o
o * o’ o 2FfAt
1 - n_*7T o]
o o
* *
N - "y s N
t * t * "t T TZ2FAt
1 - n "Ty t
*
Ti = tlng)

where tC, t_ and tt are the counting times for the capture-,

flux- and tiansmission measurements, respectively. Though
the dead time 1 is declared by the manufacturer to be fixed
for any channel width, it becomes counting rate dependent
in the case of high counting rates. The function T(n*) which

is needed in (9.1) was determined by means of a new method




Using a sample material whose energy dependent total cross
section is well known, and comparing the measured trans-

mission values with the calculated ones, we obtain

T = e =

* * *
-Vog nt/(1 - nt-T[nt)) -,Bt o.2)
0

n /U1 - -T(n;]) - B,

for each channel. The thickness of the sample is chosen so
that 0.4 < Tn < 0.6 over about 100 channels. This can
easily be done if the cross section curve shows a smooth
shape (for example a 1/v - behaviour). Proceeding from

(8.2) the parameters of various functions of the form
tla,b,c,n*) were determined by means of least-squares fits.

The best results were obtained with

T(n*) = 2 (9.3)

1 + beexpl(-cen*)

A detailed description of this methoed is given in (7).

X. MULTIPLE SCATTERING CORRECTION

The effects of single and multiple neutron scattering in
samples can be large, even for thin, high-transmission
samples. The evaluation of high precision cross sections by
means of Monte Carlo calculations are very expensive. For
this reason several approximative analytical expressions

had been used to compute the necessary corrections (8), (9),
(10). The application of those formulae is restricted to

relatively thin samples and elements (isotopes) for which




GS/OC<<1 . We succeeded in deriving an improved expression

with better accuracy which extends the range of application:

Considering a collimated neutron beam incident perpendicu-
larly upon the front face of a sample, the number of capture

events per incident reutron is given by

NC o}
T = S . (1-Tn)-FSC (10.1)
n

f being the multiple scattering correction factor due to

sc
capture processes following one or several preceding

scattering events. As was pointed out elsewhere (11) LI

can be calculated in good approximation by

1
f = (10.2)

sc o
< (1-TQ)

TQ + —=

It

For a circular disk shaped sample whose diameter is less

than the diameter of the neutron beam TQ becomes

1+2ae” % - B-Za
(T _,d,r) = - . TQU
" 4(1-¢" %
ToU = 1+e "-e"%-a PR (W) -F(a)-F(b)+(w-b)e P 1*Z)
(10.3)
F(x) = % -[ -(1+x)e—x+x2'EIR(x)]
© -t
EIR(x) = [ et dt
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Equation (10.3) was derived under the assumption that the
neutron velocity is much larger than the average thermal
velocity of the target nuclei (Ep>>kT/A), so that the
target nuclei can be treated as stationary. Furthermore,
the sacttering was assumed to be isotropic, which is true
for s-wave neutrons scattered from heavy target nuclei
(A>>1), Finally, the total cross section for scattered
neutrons was considered to be equal to the total cross
section for the incident (primary) neutrons in consequence
of the relatively small energy loss of a neutron colliding

with a heavy nucleus.

The accuracy of equation (10.2) was thoroughly investigated
by taking into account the exact geometry of the sample as
well as the energy loss of isotropically scattered neutrons
(11). It was found that the error of f , calculated by

sc
(10.2), is less than 1 % for Vo, = ln(1/Tn]<1 and dgr .

Only in the regions of resonance wings, where Act/0t>>AEn/En,

may the error slightly exceed this value. Formula (10.2)
together with (10.3) is thus more accurate than all other
analytical expressions reported up to now. Furthermore, it
needs much less computer-time than Monte Carlo calculations

of the same accuracy.




XI. GAMMA-SELF-ABSORPTION

The thickness of the sample material that can be used is
limited also by the self-absorption of capture gamma-rays
in the sample. Furthermore, if this absorption becomes
large (heavy element samples), the fraction of the y-rays
escaping may become a function of the neutron cross section
or the neutron transmission (Tn], respectively., This arises
from the fact that a capture event occuring near the front
face (which is more likely when the cross section is rela-
tively high) can have an appreciably higher probability of
being detected than one that originates in the interior due
to the exponential nature of the gamma attenuation. There-
fore the calculation of the gamma attenuation factor (SY]
is very complex. Nevertheless, the determination of this
correction is indispensable in the case of low capture
cross sections where relatively thick samples are needed

in order to get a reasonable captured to incident neutrons

ratio.

The data needed for the calculation are

1)  the dimensions of the sample and the y-ray detector
(geometric factors)

2) the cross sections for the photon interactions in the
sample material (photoelectric interaction, Compton-

effect, pair production)

3) the shape of the capture y-ray spectrum (relative
intensities) of the sample material

4) the neutron transmission of the sample.

Since the accuracy of the attenuation factor is determined

by the accuracy of these data, it is not necessary to take




into account exactly the geometry of the detector-sample
system, which would result in a fourfold integration. We
have developed a numerical method for the computation of
SY being based on a good approximation which only needs
double integration. The derivation as well as the accuracy
of the formulae given in the following lines are described
in detail in (4). The data used were those of Storm et al.
(12) for the photon cross sections and those of Rasmussen

et al. (13) for the capture y-ray spectra.

S = (11.1)
Y n
L h_.o
i=q Y+ Y?
TYi = TY(R’D’QBFF’d’ui) ‘ (11.2)
1max 1
K. . = <1+ )0 Lk, (11.3)
yi 1=1 j=1 J 3/ i
_ a/4 I1+12
TY[R’D'QBFF’d’u) 1 - exp(-ad) IG
w/2
IG = /‘ gloldo
(pD
P,
2 _ -od
I = T g(Q)": F1(¢,a) + r1(¢,-a)-e do
¢O '
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n/2

2 . -od
Iz = T / glo) F2(¢»U) + FZ(Q,'G]'B deo
Py
i} R, 2, . 2 2 ] .
g(o) = arctg (5) *sin"@ - cos@ ['sing (11.4)
~ _ _ud
Folo,a) = -——-————‘325(9 L1 - e % g COS“’]
m
) ; _per
_ 1 5 2d* ad .. 2s8ingo
FZ(@,a) = — cos @ + = e - a e e °
a. o m
= EI * = = E—
a 1 + 3 coso |, ® ©eff 37 o)
$" * *
P = arctg'ia ’ d = & *cotgo
_ D I
?q = arctg =l , o = 3 In T
L
U = 7 p(Oph * Ot Gpp) for pure elements
L .
resp. M P E mk[oph,k * 0o,k + Opp,k) for chemical

compounds (e.g. oxides, carbonates)
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) - Oco,j-1

(1-TT, _, -
J t,3-1

= 1 + gpp)j-1 - 01511 . TM(O-S"II]
TMj

Ty(R,D,éeFF,d,uj) with ¢,=0 and gl(@)=sing

o o , (E.)) g . o

ph,Jj ph"7j co,J co

o] . o (E.) o] . g
PP,J pp J ab,j ab

o, . o .+ g .+t O . . = ul(E,)
t,J ph,J co,j pPpP,J i MRS

The capture-y-ray spectrum is given by th(EYi), (i=1,...,n)

where EYi = capture-y-ray energy and th = relative intensity.

TYi is the probability for a y-ray of energy EYi escaping
into the sensitive detector solid angle and KYi is a factor

taking into account multiple Compton scattering.

The parameters characterizing the geometry of the detector-

sample system are

sample diameter
sample thickness

scintillator radius (MRD)




D = distance between the center of the sample
and the scintillators of the detector.

The interaction cross sections used are

Oph = total photoelectric cross section

O °© total incoherent bound electron scattering
cross section

Gpp = total pair production cross section

o = absorption cross section of the incoherent
ab ' . .
bound electron interaction.

The index j signifies the order of multiple scattering
radiation, j = 0 relates to the original capture gamma
radiation so that E = EYi(MeV) s W = Mo, TNy = TYi ’
Gph,o = Gph and so on. TTj is the total escape proba-
bility for a y-ray of energy Ej and is calculated by
setting ¢, = 0 and g{p) = sinp as well as u = M3 in
the formulae for TY(R’D’®9F¥’d’u) .

For the calculation of the attenuation coefficients My

resp. uj the following additional quantities are needed

o0 = density of the sample material
= atomic weight of the sample atoms
= molecular weight of the sample molecules

m = number of atoms of the kind k per molecule

o~

L = Avogadro’'s constant.

The parameter Lax in (11.3) is chosen so that the term

Imax 4
it f.*k, < 10 .
5=1 J 3




It should be noted here that the same formulae with only

slight modifications are applicable to liquid-scintillator-
tank detectors (e ~ 100 %) :

(11.8)

GCOJj_1

9,51 3-1

(1-TTj]- (11.10)

. %pp,j-1 . TT(0.511)
T,

(11.11)
o .
co,J-1

Anofher equation, which was found to be very useful in order
to reduce considerably the computing time in the cross
section evaluation according to (7.4), relates to the neutron
transmission dependence of the attenuation factor : For a
given sample Sy(Tn) can well be fitted to a rational function
of the form

a + b-Tn

S (11.12)
Y 1 + ¢ Trl

The results obtained by means of these formulae were checked
by measuring some well known thermal capture cross sections

with samples of various thicknesses and comparing with the




true values. Within the error limits of the latter
(£ 1.2 % to £ 1.7 %) conformity was ascertained for

attenuation factors hetween 0.7 and 1 .

XII. SAMPLE ACTIVATION

In some cases the activation of the sample during neutraon
irradiation may contribute to the background rate of the
captufe detector. If the decay time of the produced radio-
active isotope is essentially greater than the counting
time in the capture cross section measurement this contri-
bution can easily be determied by measuring the background
rate with closed beam channel (room background) immediately
before and afterwards. For short decay times the determi-

nation of the background correction in question is more
difficult.

The method we used is applicable to both cases, very simple
and of sufficient accuracy. First, the background parameters
described in section VIII wére determined before the capture
measurement concerned. The calculated background counts
(according to (8.3/a)) were then compared to the measured
true background counts in the last 50 channels of the
time-of-flight spectrum (section VI). If the average true
background rate exceeds thé calculated one by more than 5 %,
this is due to sample activation as has been checked by
several test measurements. Since the contribution of the
activation is not energy dependent (resp. time-of-flight
dependent), formula (8.3/a) can be made correct by increasing
the parameter bc,1 so that the calculated average becomes

equal to the above mentioned true average.




XIII. ~NEUTRON ENERGY

The neutron energy corresponding to the i'th time channel

~is given by

[eV]

neutron time-of-flight (us)

channel width (us)
adjusted delay of the start-pulses (us)

delay time correction due to cables, amplifiers
and pulse shape circuits (us)

constant k was determined by measuring and analyzing
the peaks of several well resolved resonances whose energies
are well known. The value thus obtained (1.230 2 0.0025]-106
was in good agreement with the corresponding, independently
measured, flight-path length of 15.340 % 0.015 metres.
Table III shows the characteristic parameters of the

measured time-of-flight spectra, where

f chopper frequency (revolutions per second)

co neutron cut-off energy of the chaopper

Neh number of channels per spectrum.

The values for F,A,Td and n were adjusted, those of T,

ch
measured and those of ECO calculated (XV/2).




TABLE III

Time-of-flight spectrum parameters

f Eco T4 A T, nh
25 c/s | 0.008 eV | 7256 us | 128/64 us +5,1 us 128/256
50 0.032 7+128 64/32 +2.1 128/256

100 0.128 764 16 +0.6 256
200 0.512 732 8/4 -0.1 256/512
400 2.048 7+16 4/2 -0.5 256/512

XIV. SAMPLES USED

The characteristic properties of the samples used in the
capture cross section measurements reported here are listed
in Table IV. The oxide- and carbonate-samples consisted of
pressed powder disks. In order toc get homogeneous samples,
uniform in thickness and of good stability, different
pressures had to be used. For this reason different densities
were obtained. The marked samples (*) were enclosed in thin-
wall, vacuum-tight canisters of pure aluminum (thickness

0.3 mm). Measurements carried out with and without an empty
canister in sample position showed that the contribution

due to captures in the canister material could be neglected.
The influence of the canister material on the neutron trans-
mission of a sample was eliminated by using an empty canister

as dummy sample in the corresponding flux measurements.

For the measurement of the high Europium cross sections
below 0.6 eV a very thin sample was needed. To get a
reasonable, uniform thickness a small amount of Eu203—powder

(0.5 g} was well mixed and thus diluted with sulphur-powder
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(4 g). This mixture could easily be pressed to a disk
shaped tablet. Since the capture cross section of sulphur
is very small compared to the Europium cross section, its
contribution to the counting rate of the capture detector
is completely negligible. However, the influence on the
multiple scattering correction (neutron scattering cross
section) as well as the self-absorption factor (y-attenu-

ation coefficient) has to be taken into account.

The values listed in the last column of the table indicate
the number of atoms/barn of the element whose capture cross
section has been determined (e.g. number of Cs-atoms in the
CSZCO3-sample or number of Eu-atoms in the Eu203—sample

etc. ).

For the sample preparation only high-purity materials were
used. The contributions of the "strange atoms” were estimated
and found to be negligible. Thus, no corrections for

impurities were applied.




XV. ERROR ANALYSIS

1. Energy Scale

According to equation (13.1) the relative energy error

AE, ] \/< Ak >2 +<2‘At+,l >2
E_ k toy

Since k was measured by means of relatively thin samples

becomes

'and

1 2
k = §"mn-L

m being the neutron mass and L the flight path length,
Ak/k has to be replaced by the term

(2+AL/L)2 + (d/L)?

if thick samples are used (d = sample thickness). Atfl is

given by

AtFl = ATt = VATO

ATO being the time jitter of the stop-pulses relative to
the start-pulses, the measured values of which are listed

in Table V. The errors of A and T4 are less than 0.01

o\

and were therefore neglected.

The error of the neutron energy thus becomes

AE
n

E
n

= VA + BE_ (15.1)

where A = 4'(AL/L)2 + (d/L)2 and B = —%—(Ato)z .
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TABLE V

Measured time jitters

fchopper Jitter of jitter of ATO
start-pulses stop-pulses
25 c/s ¥ 1.0 wus t 0.05 us ¥ 1.0 wus
50 0.5 0.05 0.5
100 0.25 0.05 0.25
200 0,12 0.05 0.13
400 0.06 0.05 . 0.08

2. Energy Resolution

The measured cross section curves are broadened not only

by the Doppler effect but also by the instrumental reso-

lution. The total resolution function is a convolution of
partial resolution functions describing the effects of

neutron burst width, channel width and time jitter.

The neutron burst can be represented by a triangular

distribution whose base-width Ty is given by

(4- s 3/8) (/B-8)> . _4h
8%-38+2/8

for V4<B<1

T, - \/ . wg for 0<B<V4




with B = CO

m 2 2 2
_ n ., wR _ , wR
and Eco - 2 < h ) =k < hL >

where

= 2nf (chopper frequency)
= slit width

chopper radius

= flight-path length

= cut-off energy

m ™~ 20 o €
i

co

For En £ ECO (B21) the neutron transmission of the

chopper is naught.

The influence of the analyzer-channel width (A) as well as
the time jitter are described by rectangular distributions.
The width of the time jitter is given by Tj = 2°AT

In the case of thick samples an additional broadening effect
is to be considered, a rectangular distribution of the width

T, = —%— + t (depth effect)

L fl

The convolution of all these partial resolution functions
can be represented in good approximation by a Gaussian

distribution whose full width at half maximum (FWHM) becomes

2 2 1 2 2
AtFWHM 3 1n2 AJA + > Tb + Tj + TL (15.3)
2 2 2
At e Hm 2 . A 1 /T 4 At d
£ = 3 In2 E 7 (T *M T *\ T
F1 £1 £1 f1




The corresponding total energy resolution is then

At

res(E ) = 2 __Eiﬂﬂﬂ_ E_ (15.4)
n f1
and the resolution in ps/metre : At /L

FWHM

3. Systematic Errors

In this section the formulae used for the calculation of the
sytematic errors of the measured capture cross sections are
given. They were derived by consistently applying the law of
error propagation to the relationships of section V and VII.
Sources of small errors which have no influence on the total

error were neglected.

2
bog _ (A_\a e +1;19_._39>2.<é.e>2 (“so)z
o, v T Oy p f

5yS sys sc’/ appr.
2 z AF 2 A 2 AS 2
(e = (30) 0 (72) (22 - (=2) 5w
P /sys o sys FS QMRD SY
AD 2 AF AF 3¢  Ac 30 Ac 3¢  AE
n o (2o L (Zso (0201, __n____2_> <__D____r1>
0] F f ac, on dc, ¢ oE 9
n’sys 0’sys so. 1 2 n n n

The calculated resp. estimated values for the particular

components are




h0(1—5 ) o
Y

Q
1 %

= (6.219 + 0.1698

4, Statistical Errors

The statistical errors of the measured capture cross sections

were determined according to the following relationships




w2 b2 w-b -u
.« —asEIR(a)+ 3 EIR(W)“:; EIR(b)+ —g—(1-u)e ] -

2ae a(1+e*a)

- - — - « TQ
(1-e a)(1+2ae 2 g Za)
where u = b+ (1+z) (for a,b,w and z see section X)
AN, k «vV/N* 1
and = 9 o , k=2 ——————
No k -N* -B ° 1-n" .1
o o 0 o g
AN, k -/NE 4
T 0 - , ky = ——/ (15.7)
AN k_=v/N*
] c e _ 1
No K ont-B ’ e - 1-n"
c C-NC c nC-TC

K 5 k., kC being the dead time correction factors.

Most of the capture cross sections were measured inde-
pendently several times so that the errors of the qguoted
average values are reduced by a factor 1//n, n being the

number of measurements.

5. Total Errors

The total error of a capture cross section value is given by

Ao 2

2 2
Ac A
< c) i < 00) R < G> (15.8)
0‘C tot Oc sSys c)‘C stat




In calculating the cross sections of the pure isotopes of
sample materials containing two different isotopes according

to (7.11), the errors of the evaluated values are found by

means of

) 1 2 2 \2 2
Aoor T BET \/32 '(A"o,1> +<1 a1> (Aoc,2>

with DET

]
jab}
N
+
jal}
|
RN

These relations hold for the total systematic, the total

statistical as well as the total total error.

XVI. RESULTS AND CONCLUSIONS

The energy dependent capture cross sections obtained in this
work are shown in the Figures 4 through 16. The measured
values are represented by points, the fitted cross section
curves by solid lines.

The cross sections for the pure isotopes 151Eu, 153Eu, 175Lu
and 176Lu were derived from the fitted curves of the natural
element cross sections and the enriched isotope cross
sections. Here, the solid lines indicate the upper and the

lower limits of the total error, respectively.

The shape of the Vanadium cross section curve shows a pure

1/v-behaviour as could be expected from the known positive
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energy resonances. No contribution of any negative energy

level (bound level) can be substantiated.

The small but significant hump observed at 0.43 eV in the

Tantalum cross section curve is due to the 0.43 eV -

resonance of 180Ta~whose natural abundance amounts to only

0.012

o\®

The shapes of the other capture cross section curves show
no special peculiarities compared with the already known
total cross section curves, except the essentially lower

values between the resonances.

The accuracy attained for the capture cross section values
is 2 - 4 % from 0.01 to 1 eV (2 % in the thermal region)

and 3 -~ 5 % above 1 eV. For some resonance cross sections

above 4 eV the total error increases up to 10 %.

Thus, the magnitudes of the capture cross sections have been
obtained with appreciably smaller errors than were reported
previously, which illustrates the utility of the new methods
applied for the flux measurement, the determination of back-
ground and dead time losses as well as for the calculation
of the multiple-scattering and gamma-self-absorption

correction.
All data, incl. systematic and statistical errors, have

been transmitted to the NEA Neutron Data Compilation

Centre in Saclay, France, and are available on request.
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