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Abstract

The reviews of the status of nuclear power and research reactors in the world show
that the number of reactor units in shutdown status is growing rapidly. This is a strong
indication that decommissioning methodologies will need to be developed and applied in the
near future. In view of this situation the International Nuclear Data Committee has
recommended to the Nuclear Data Section of the IAEA to convene a meeting to discuss
nuclear data requirements for fission reactor decommissioning.

Such an Advisory Group Meeting was organized in Vienna from 7 to 11 September
1992. 13 participants from 8 Member States and 2 international organizations have reviewed
the status of the nuclear data libraries and computer codes used to calculate the radioactive
inventory in the reactor unit components for the decommissioning purposes. Nuclides and
nuclear reactions important for determination of the radiation fields during decommissioning
and for the final disposal of radioactive waste from the decommissioned units were identified.
Accuracy requirements for the relevant nuclear data were considered.

The present publication contains the texts of the reports by the participants and their
recommendations to the Nuclear Data Section of the IAEA.

Printed by the IAEA in Vienna
February 1993

93-00580
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RADIONUCLIDE CHARACTERIZATION AT U.S. COMMERCIAL LIGHT-
WATER REACTORS FOR DECOMMISSIONING ASSESSMENT: DISTRIBUTIONS,
INVENTORIES, AND WASTE DISPOSAL CONSIDERATIONS

K. H. Abel
D. E. Robertson
C. W. Thomas

Pacific Northwest Laboratory
Richland, Washington 99352

SUMMARY

A continuing research program, conducted by Pacific Northwest Laboratory
for the U.S. Nuclear Regulatory Commission, characterizing radionuclide
concentrations associated with U.S. light-water reactors has been conducted
for more than a decade. The research initially focused upon sampling and
analytical measurements for the purpose of establishing radionuclide
distributions and inventories for decommissioning assessment, since very
little empirical data existed. The initial phase of the research program
examined radionuclide concentrations and distributions external to the reactor
vessel at seven U.S. light water reactors. Later stages of the research
program have examined the radionuclide distributions in the highly radioactive
reactor internals and fuel assembly. Most recently, the research program is
determining radionuclide concentrations in these highly radioactive components
and comparing empirical results with those derived from the several non-
empirical methodologies employed to estimate radionuclide inventories for
disposal classification. The results of the research program to date are
summarized, and their implications and significance for the decommissioning
process are noted.

I. INTRODUCTION

In the United States, the Nuclear Regulatory Commission (NRC) establishes
decommissioning policy for commercial nuclear facilities. The nuclear
industry in the United States now has a number of plants that are nearing
retirement. In order to properly plan the decommissioning of these
facilities, the nuclear industry needs a reasonably complete database
describing typical residual inventories expected in various systems within a
generating station. At the time the staff at the Pacific Northwest Laboratory
(PNL)(a) initiated such research for the NRC, the only studies assessing

(a,Operated for the U.S. Department of Energy by Battelle Memorial
Institute under contract DE-AC06-76RL0 1830.



TABLE l. • Long-lived Residual Radionuclide Compositions in Total
Plant Inventories* at Seven Nuclear Generating Stations

Composition 1n Percent of Total Activity
Decay Corrected to Shutdown Date or Sampling Date

Radionuclide

Hn-54

Fe-5S

Co-57

Co-60

N1-59

N1-63

Zn-65

Sr-90

Nb-94

Tc-99

Ag-110m

1-129

Cs-137
Ce-144

TRU***

Total Plant
Inventory
(Curies)

Pathfinder

0.36

—

1.0

2 X 10"4

0.03

98.6"

<1 X 10"4

<3 X lO"6

<1 X 10-5
—

3 X 10"4

—
3 X 10-6

57(a)

Humboldt Bay

3

90

—

6
- —

0.2
—

0.004

<0.004

3 X 10-4

—

<3 X 10-6
0.5
—
0.005

596(b)

Dresden-1

0.9

28
--
46

0.09

5

19
0.007

<0.003

4 X 10-5

—

<1 X 10-5
0.04

1
0.1

2350(c)

Honticello

1

1
—
11
—
0.04

84

0.002

<0.1

8 X 10-5

—
<1 X 10-6
2
—
0.008

448(<J)

Indian Po1nt-1

4

67

—

15

0.02
2

11
0.0007

0.0008

8 X 10-5

—

2 X 10-5
0.5
—
0.002

1070(e)

Turkey Point-3

0.4

31
43

24

0.004

0.1

1

0.0008

O.004

0.008

—

<0.003
—

0.2

0.006

2580(O

Rancho Seco

4

28

24
18

0.1

19

0.09
<0.01

<0.004

<0.005

4

<1 X 10-5
0.4

<0.04

0.001

4460(9)

•Excludes highly activated metal components of the reactor pressure vessel and Internals, contaminated
concrete, and soils.

**At time of station shutdown, 65zn was the overwhelming contributor to the total residual radionuclide
Inventory at Pathfinder, but had all decayed during the 13 years between shutdown and our sampling and
analysis program. The relative radionuclide composition and total inventory in this table was
reconstructed from our data and a measured "zn/60r,o ratio made by NSP shortly after shutdown.

***Transuranic alpha-emitting radionuclides with half-lives greater than 5 years, including 238,239,240puf

(a) on September, 1967 (c) on October, 1978 (e) on October, 1974 (g) on June, 1983; also contained

(b) on July, 1976 (d) on November,.1981; (f) on October, 1981 1.8X(d) on November, 1
Includes 1± lc

operations, total generating capacity, materials of construction, type of
reactor, coolant chemistry and control, fuel integrity over the operating
history of the plant, history of non-reactor equipment and components, and the
source of the samples from within the nuclear systems. The relative residual
compositions in the residual inventories for the seven nuclear systems sampled
are shown in Table 1. These inventories were calculated based upon the
concentrations observed in samples from the various components of the nuclear
system. Average concentrations in the primary systems are shown in Table 2,
and average radionuclide concentrations in secondary and radwaste systems are
shown in Table 3.

B. Distributions and Inventories

The distributions and inventories of radionuclides, excluding those
associated with the reactor vessel and internals, were also estimated. For
Pressurized Water Reactors (PWRs), the overwhelming portion of the inventory
is found in the steam generators, typically 75% to 95%. "The next largest
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TABLE 2. Concentration Ranges of Radionuclides in Corrosion
Films on Piping Exposed to Primary Reactor Cool ant\

Radionuclide

Mn-54
Fe-55
Co-60
H1-59
N1-63
Zn-65

Sr-90

Nb-94

Tc-99
1-129

.Cs-134
Cs-137
Pu-238
Pu-239,240
Am-241
Cm-242

HalfUfe (yr)

0.854
2.7
5.27
75,000

100
0.67

23.5

20,000

2.13 x 105

1.57 x 107

2.06
30.2
87.8
24,400
433
0.447

Concentration Ranqe

0.028 - 4.4
0.039 - 149
0.16 - 23

<5 x 10-5 . 2.6 x 10-2

0.003 - 1.3
0.0005 - 5.8

<3 x 10-5 - 8.4 x 10-3

<1 x 10-5 . 5.o x 10-4
4.5 x 10-6 . 5.6 x 10-4
<1 x 10-6 . 4.3 x io-6

0.019 - 0.046
0.003 - 0.17

2.4 x 10-6 . 4.5 x 10-3
1.5 x 10-6 . 4.4 x 10-3

1.8 x 10-6 - 8.3 x 10-3
7.2 x 10-6 . 2.4 x 10-1

Average Concentration

1.2
33
6.4
6.6 x 10-3

0.80
5.6(b)

3.2 x 10-3

2.2 x 10-4

1.5 x 10-4
1.4 x 10-6

0.030
0.056
1.1 x 10-3
9.8 x 10-4
1.8 x 10-3

7.2 x 10-2
Cm-244 18.1 2.2 x 10-6 . 2.5 x io-3 6.8 x 10-4

(a) Decay corrected to date of shutdown for terminated reactors or
sampling date for operating units. Excludes data from Pathfinder
Generating Plant, which was atypically low.

(b) Average value for two 8WR units.

portion of the residual inventory is associated with the radwaste systems,
typically 5% to 10%.

For the three Boiling Water Reactors (BWRs) sampled, the residual
inventory estimates indicated the primary repositories were the reactor
cleanup system, the radwaste system, the condensate system, and the feedwater
system. Distributions were quite varied at the three reactor systems sampled,
due to the differing designs and ages of these systems. The radionuclide
inventory for the only relatively modern BWR sampled was primarily associated
with the reactor cleanup system. A relationship between inventory and reactor
size and years of operation was hypothesized (Figure 1).

C. Radionuclide Correlations for Waste Classification

Radionuclide correlations were evaluated for the samples obtained during
this program. Correlation factors are typically utilized in the nuclear
utility industry to estimate concentrations of radionuclides not easily
measured, such as Ni-63, and the transuranics. The average correlation
factors are shown in Table 4. However, we noted that the correlation factors
were not consistent from plant to plant and from system to system within a
nuclear station.



Concentration Ranges of Radionuclides in Corrosion
Films Internally Deposited in Piping and Hardware
Exposed to Liquid Radwastes and Secondary Coolant

Half life (yr)

0.854

2.7

5.27

75,000

100

0.67

28.5

20,000

2.13 x 105

2.77

1.57 x 107

2.06

30.2

0.78

87.8

21,400

433

0.447

18.1

Concentration Ranqe

(pCI/cm?)

2 - 4.70 X 105

710 - 7.1 x 106

64 - 2.74 X 105

0.63 - 15

3 - 10,000

<0.4 - 27,400

<0.009 - 260

<0.1 - 100

<0.05 - 0.2

9.3 - 1,200

<0.0006 - 0.9

<0.3 - 1,900

<0.6 - 4,000

<0.6 - 2,000

0.0014 - 51

0.0012 - 24

0.0009 - 41

0.0013 - 3,600

0.0015 - 58

Average
Concentration

(pC1/cm2)

160,000

1.0 x 106

42,000

6.2

1,900

14,600

88
—

—

' 420
—

—

860

--

7.4

3.6

7.3

820

12

(3)a

(7)

(7)

(5)

(6)

(2)b

(3)

(3)

(5)

(7)

(7)

(6)

(5)

(5)

TABLE 3 .

Radionuclide

Mn-54

Fe-55
Co-60
Ni-59

N1-63

Zn-65

Sr-90

Nb-94

Tc-99

Sb-125

1-129
Cs-134

Cs-137

Ce-144
Pu-238

Pu-239,240

Am-241

Cm-242

Cm-244

a) Numbers 1n parentheses Indicate the number of
reactor sites used for construction of the
average value presented.

b) Average value of two BWR units.

D. Waste Classification and Disposal

It was observed that all of the components outside of the reactor vessel
and internals were below the Class A limit stated in 10CFR61, except for the
steam generator at Rancho Seco. The Rancho Seco steam generator exceeded the
Class A limit by a factor of 1.7, and would thus probably require some
decontamination before disposal.

E. Additional Research Needed

The seven reactor systems sampled during our research, although a
significant expansion to the database, were still a very limited examination
and that additional information was desirable. Recent innovations, such as
improved controls on water chemistry and better particulate removal systems
for primary water, and the growing practice of periodic system chemical
decontamination, could substantially affect residual radionuclide inventories.

10
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FIGURE 1 . Relationship of Total Inventories Versus Unit Size and Years
of Operation for Seven Reactors and the Reference BWR
Oak et al, 1980) and Reference PWR (Smith et al, 1978)



4- Activity Ratios Normalized to 60Co in Piping
Exposed to Primary Coolant (Decay Corrected
to Shutdown Date or Sampling Date)

Sample

IPH-22(A)

HBRS-26(8)

RSH-2<C)

H-10l(°)

TP-H7(E)

D.SC-W(F)

AVERAGE £ 10

(X 10-3)°

11

1.0

13

249

0.17

0.45

• *•

(X 10-<)°

0.50

4.3

<20

20

0.37

0.53

9*Nb/60C(
(X 10**)

6.1

<4

<2

<10

<0.9

<0.4

) 65pe/60co

4.8

6.7

5.6

0.0S6

1.3

0.61

3.812.7*

63NJ/6C

O.IS

0.043

3.42

0.0046

0.0044

0.098

0.06010

(XC10-5)°

0.62

2.5

<2

3.3

27

0.034

.063** —

12?
(*

19

<7

<1

<1C

<8

<0.

10-5)

1

8

239-240pu/60co

(X 10-5)

3.3

20.0

5.5

13.0

5.5

2.7

8.316.,8

(X 10-5)°

4.4

37.0

4.4

30.C

7.5

4.1

15il5

(X 10-S)°

0.S3

13.0

3.8

26.0

4.4

6.3

9.019.3

A Corrosion film scrapings from Indian Point-1 steam generator
B Regenerative heat exchanger piping from Hunboldt Bay
C Corrosion film deposits on HE PA f i l ter used In steam generator repair
0 Reactor water cleanup piping from Monticelio
E Alumina grit used for decontamination of Turkey Point Unit 3 steam generator
F Reactor steam vent piping from Dresden-1

* Excludes atypically low value for saeple H-101
** Excludes atypical 1y high value for sample RSH-2



III. CHARACTERIZATION OF DECOMMISSIONING WASTE

In the next phase of the research program, samples were obtained during
the decommissioning of the Shippingport reactor, from the Gundremmigen reactor
pressure vessel, and from PWR and BWR fuel assemblies. The major findings
associated with this phase of the research program are summarized below;
additional details are published elsewhere(12,13).

A. Shippinqport Waste Characterization

The Shippingport Atomic Power Station was significantly smaller than most
commercial reactors and contained some differences in design and materials.
It also had an excellent operational history, with no known fuel cladding
failures. Samples obtained from the nuclear system, excluding the pressure
vessel internals, during the decommissioning of the Shippingport reactor also
never exceeded the 10CFR61 Class A limit. Samples were obtained from the
primary coolant piping, secondary coolant piping, and concrete from the fuel
canal.

B. Reactor Vessel and Fuel Assembly Characterization

Radiological characterization was conducted on three commercial fuel
assemblies and steel specimens from the Gundremmigen reactor pressure vessel,
with emphasis on assessing the significance of the long-lived radionuclides
listed in 1OCFR61. The Inconel fuel assembly hardware analyzed contained
concentrations of Ni-63, Ni-59, and Nb-94 in selected components that were
above the Class C limit, thus requiring disposal in a high-level repository or
an alternative facility. The concentrations of Nb-93 detected in the fuel
assembly hardware were over 1800 times greater than predicted by theoretical
calculations.

A comparison of analytically measured and predicted calculations of
radionuclide concentrations in the fuel assembly hardware was also undertaken.
The agreement was very good in the fuel-containing region of the assemblies,
typically within 10% to 50% and never greater than a factor of two difference.
However, substantial differences between predicted and measured radionuclide
concentrations were observed for Ni-59 and Ni-63 in the end fittings of the
fuel assemblies. The differences were attributed to the lack of adequate
isotopic cross-section data and the greater uncertainties associated with the
neutron flux and energy spectrum in this area of the fuel assembly hardware.

The analytical measurements of the Gundremmigen pressure vessel steel
were in very good agreement with calculated activities, with average

13



calculated-to-measured ratios of 1.3, 1.9, and 0.69 for Fe-55, Co-60, and Ni-
63, respectively. All radionuclide concentrations were below Class A limits,
which means that the entire pressure vessel excluding the internals could have
been disposed of as Class A waste in a low-level waste shallow land burial
facility.

IV. COMPARISON OF WASTE CHARACTERIZATION METHODOLOGIES-

The research program is currently focusing upon verification of
methodologies utilized to estimate the concentrations of radionuclides in
highly radioactive waste components. The major results to date are summarized
below; additional details are published elsewhere(14,15).

Direct assay techniques are typically employed in the nuclear industry to
determine the curie contents of highly activated metal components, such as
control rods. The technique involves initial qualitative gamma-ray
spectrometry, followed by thermoluminescent dosimetry (TLD) and a subsequent
conversion from dose to curie content using an appropriate computer shielding
code, and finally use of correlation factors to estimate the concentrations of
non-gamma-emitting isotopes. We have estimated radionuclide concentrations in
one PWR control cluster assembly, one BWR control rod blade, and one PWR
burnable poison rod assembly. The concentration estimates indicate that all
three could be disposed of as Class C Waste in a low-level waste repository.
The Class C limit and the estimated concentrations are compared in Table 5.
We are currently in the process of obtaining samples for radiochemical
measurements. The results of these measurements will give added confidence to
the direct assay techniques and/or identify possible sources of significant
uncertainty.

V. CONCLUSIONS

The initial research program focused upon providing a technical base for
estimating radionuclide concentrations within U.S. nuclear generating stations
at the time of decommissioning. Our research added greatly to the technical
database; however, it indicated that each reactor site contained slightly
unique characteristics as a result of several factors, including materials of
construction and operating history. Therefore, we would urge that additional
technical information concerning radionuclide composition at light-water
nuclear generating stations would be highly desirable.

After it was clear that most if not all waste generated from systems

outside of the reactor vessel could be disposed of as Class A waste, the least

14



TABLE 5. Radionuclide concentrations and comparison with 10 CFR 61 class C limits

Radionuclide
14C

59Ni
63Ni
94Nb

'Approx. volume •
"Approx. volume =
"*Approx. volume

BWR control

Concentration
(Ci/m3)

4.6

27

3500

0.039

0.018m3

= 0.0085m3

= 0.0045m3

forspent control

rod blade*

Measured
concentration/
class-C limit

0.058

0.12

0.50

0.19

rod assemblies

PWR control rod

Concentration
(Ci/m3)

0.16

0.95

121

0.0014

cluster assembly**

Measured
concentration/
class-C limit

0.0020

0.0043

0.017

0.0070

PWR burnable poison

Concentration
(Ci/m3)

3.3

19.6

2510

0.029

rod assembly"*

Measured
concentration/
class-C limit

0.041

0.089

0.36

0.15



restrictive disposal category, the research program was focused upon the more
highly activated components within the reactor vessel. The results of the
investigation of the highly activated materials have shown that (1) certain
components exceed the Class C limit, and thus disposal in a low-level
repository would not be allowed, and (2) the methodologies for estimating the
radionuclide concentrations appear adequate in certain areas of the fuel
assembly within the reactor vessel, but do not agree well with radiochemical
measurements in other physical locations.

The examination of highly activated materials is continuing. We are
currently obtaining samples for radiochemical measurements from control rods
and burnable poison assemblies. The analytical results will be compared with
estimated concentrations obtained from direct assay techniques.
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AN ESTIMATION OF INNER SHELL AVTIVITY OF

CHINA RESEARCH HEAVY WATER REACTOR

DONG Yin

BUREAU OF NUCLEAR FUELS, CNNC

BEIJING

I . Introduction

The first research reactor, heavy water reactor, of china

was commissioned in 1958. It is a heavy water moderated and

cooled heterogeneous reactor, which is 1.4m in diameter,

1.2m in height. The thickness of side-reflector, which is

made of nuclear—pure graphite, is 0.6m. The inner shell of

reactor is made of Soviet aluminium alloy CAB—1. Some heavy

water leakages through the shell wall were found after 17

year's operation. At that time the total energy produced by

the reactor was I.4E4MWD. Over this period operation, the

accumulated activity of the inner shell were quite high.

To complete the operation of replacing the inner shell, it

is necessary to estimate and evaluate the activity of inner

shell.

The shell activity was estimated by use of sample analyses

and measuring activities. The shell activity was estimated

at 2000 curies. The estimation was made with the activity

distribution in the core acquired by using measurements

and sample analyses.

I . Estimation Technique

Under normal operation of reactor, the accumulated activity

of inner shell is composed of three parts as follows,

The abrasion products of primary loop ( and its

devices) in heavy water coolant, entering into the reactor

core, were activated and precipitated on the inner shell.

The activated corrosion products in reactor core and

primary loop were precipitated on the inner shell.

The material of inner shell itself was activated.

The inner shell of the research heavy water reactor was

made of Soviet iluminium alloy CAB-1. The radioactive

isotopes generated by activation of impurities of

aluminium alloy were mainly Co-60, Fe-59 and Cr-51, the

impurity contents of aliminium alloy acquired by using

activation analysis, are given as follows: cobalt is
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0.36ppm, iron 1200ppm, and chromium 14ppm. Based on the

reactor inner shell structure and calculated neutron flux,

over 17 year's operations, the activity of inner shell is

as follows, Co-60 is 4.4 curies, Fe-59 2.6 curies and Cr-51

8.lcuries. Therefore the activation of inner shell

materials is not the most important source of activities.

The sample analysis results of precipitation substance on

the inner shell bottom are given in Table 1. The samples

were taken when the reactor was shut down and the

measurements were made in 38 days after reactor shut down.

Table 1 shows that activity ratio of Co-60 and Cr-51 in the

precipitation substance on the the shell is about 2«1_

Table 1. Activities of Precipitation Samples

on Inner Shell Bottom

Isotopes

sample taken from

the bot torn near

channeI No. 1

sample taken from

the bottom near

channeI No. 6

Co-60 MCi

1. 1

1.8

Average

Cr-51

0.

1.

MCi

35

3

Co-60-

3.

1.

2.

Cr-51

1

4

3

To clarify the sources of Co-60 activity, the cobalt

content of structure materials of reactor heavy water

system was analysed and the results are given in Table 2.

Table 2 shows that the cobalt content is the highest in

"stellite" alloy, lower in stainless steel and the lowest

in aluminium alloy.

There are three pumps in the primary loop. The thrust

disks and bearings of pumps are made of "stellite" alloy.

While the pumps work the abrasion products containing

cobalt as suspended corpuscles dispersed in the heavy water

system and precipitated on the surfaces of fuel channels,

primary loop tubes and inner shell. At the same time

some precipitated abrasion products continuously return

back into heavy water. According to the measured data it

was estimated that the cobalt in abrasion products was over

100 grams. The cobalt in corrosion products in the reactor

core and primary loop is theoretically very little. For

20



Table 2. Cobalt in reactor structural materials

Strue ture

Components

Thrust disks and

bearing of heavy

water pumps

Tubes of heavy

water loop

Inner shell

fuel channels

Mat er ial

stellite alloy

stainless steel

lCrl8NTi9Ti

aluminium alloy

CAB-1

Cobalt Contents

Measured Value

5 8.4* 5 8.7*

124, 230, 97,

211ppm

Average

53.6^

118ppm

0.36ppm

most light water reactors the corrosion rate of stainless

steel is reportedly not more than 5E-2 mg/cm!. month, and

the corrosion rate of aluminium alloy is about

0.OOlcm/year. Based on the corrosion rates the cobalt in

corrosion products of stainless steel of primary circuit,

inner shell (made of aluminium alloy), fuel channels and

experimental tubes is not more than 6 grams. Threrefore the

Co-60 activity of inner shell is mainly produced from the

"stellite" alloy in heavy water pumps, may be neglected

from corrosion products and the inner shell itself.

Therefore provided the cobalt quantity in abrasion products

of heavy water pumps precipitated on the inner shell bottom

and the specific activity of the cobalt are determined. The

activity of inner shell can be estimated.

The estimation can be completed according to the following

steps,

Firstly active isotope Co-60 quantity are measured in

fuel channels (and other structural components inside the

inner shell) surfaces of stainless steel components in

primary loop, purifying system and heavy water

respectively and the cobalt specific activities. And all

the accumulated cobalt quantities can be calculated.

According to the measured abrasion volume of heavy

water pumps and their thrust disks in the operation

records, the total cobalt quantity in abrasion products can

be calculated

Analysing the specific activity of cobalt of

precipitated substance on inner shell. The activity of

inner shell can be calculated.
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]H . Measurements and Calculations

To analyse the activity of precipitated substance on inner

shell bottom. The precipitated substance samples were taken

by using a long stick with a small cotton ball. The cotton

ball with precipitated substance was salved in 30^ nitric

acid solution. Then the Co-60 quantity in nitric acid

solution was measured by using colormetric method and

γ-spectrometer respectively. The results are given in

Table 3. In this way the specific activity in precipitated

substance was 19.5 Ci- g.

Table 3. Cobalt Content and Specific Activity in

Solution of Precipitated Substance

Taken from Inner Shell Bottom

I terns

Cobalt Contents

C μ g 0.5ml)

Co-60 Contents

( μ^o. lml)

Spec i fie

Activi tyC Ci/g)

Measured Values

1.38, 1.36, 1.40, 1.36,

1.41, 1.37, 1.36, 1.40,

1.38, 1.33

5.26, 5.00, 5.33,

5.24, 5.58, 5.61,

Average Values

1.37

5.34

19.5

Otherwise, we also theoretically calculated the activity of

inner shell. Assuming the abrasion products in heavy water

system continuously enter the reactor and all the products

are activated and precipitated on the inner shell bottom.

We calculated the specific activity of precipitated

substance accumulated on the inner shell bottom during 17

year's operation, and the activity ratio of Co-60 and Cr-51

quantities in the precipitated substance in 38 days after

the reactor was shut down. The comparison between the

theoretical and measured results is given in Table 4. The

table shows that the thoeretical values are very closed to

the measured values. This shows that the accumulated

activity of inner shell was mainly from the abrasion

produc ts.

Based on the measured abrasion results of bearings and

thrust disks of heavy water pumps in the operation records,
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the cobalt in abrasion products accumulated during 17
year's operation is about 143 grams, in which the cobalt
accumulated on inner shell is about 103 grains. According to
the specific activity in shell, the calculated activity of
shell is 2000 curies.

Table 4. Comparison between Theoretical Values and
Measured Values of Activities of Precipitated

Substance on Inner Shell Bottom

Comparison Item

Co-60/Cr-51

Cobalt Specific

Ac tivity(Ci ,g)

Measured Value

2. 3C average)

19.5

Calculated Value

1.6

20. 0

In the assessment, some approximations were introduced into
the calculations. So there are serious errors in the
calculation results. The abrasion quantity containing
cobalt has the most influence upon the activity data of
inner shell. The data were calculated by measuring the
sizes of bearings and thrust disks of heavy water pumps
during overhauls of pumps. The measured errors were
different because of different person's measurements. For
example, a few false data of dimension increase appeared in
the records. Otherwise some distinct abrasion traces on the
thrust disks might cause serious errors of calculation
value. Therefore the assessed values of inner shell
activity may have serious deviation from the real value.
Nevertheless, the errors can not so great that the
calculation value and measured value have different orders
of magnitude. At most, there might be a few time difference
between calculation value and real value.

W . Conclusions

Sample analyses and measured data show that the accumulated

cobalt of inner shell is 12^ of the total accumulated

stable cobalt in the reactor and 94^ of active Co-60. The

specific activity of cobalt is 19.5 Ci^g. The theoretical

calculation value and measured value are almost the same.

The active cobalt is mainly from the abrasion products of

"stellite" alloy in heavy water pumps. Over 17 year's

operation of the china research heavy water reactor, the

activity of its inner shell is 2000 Ci.
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FINNISH CALCULATION SYSTEM FOR DECOMMISSIONING STUDIES

Markku Anttila
Technical Research Centre of Finland
Nuclear Engineering Laboratory
P.O.B0X 208
SF-02151 ESPOO
FINLAND

1. INTRODUCTION

At present, there are four nuclear power reactors in Finland. The Loviisa nuclear power plant consists
of two WER-440 type, 465 MWe PWRs. The units started commercial operation in 1977 and 1981,
respectively. The plant is owned and operated by Imatran Voima Oy (IVO). The other two reactors
are located at Olkiluoto. These 735 MWe BWRs of Swedish origin are owned and operated by
Teollisuuden Voima Oy (TVO). Their commercial operation was started in 1979 and 1982, respective-
ly-

The Finnish nuclear power companies have carried out decommissioning studies since the beginning
of the 1980s. The companies presented their first decommissioning and dismantling plans to the safety
authorities in 1987. In case of the Olkiluoto plant a more detailed plan was compiled in 1990.
According to the present regulatory rules the Finnish power companies must update their decommis-
sioning plans in every five years. The next versions must be presented to the authorities before the
end of 1993.

The first comprehensive series of calculations for estimating the activity inventories of decommission-
ing waste of the Finnish nuclear reactors were carried out in 1988-1989 at the Nuclear Engineering
Laboratory (YDI) of the Technical Research Centre of Finland (VTT). Their results are taken into
account in dose rate and radiation protection calculations and in safety assessments of final disposal
of decommissioning waste, which are either already going on or will be started in the near future.
According to the present plans the activity inventory calculations will be updated in 1994.

In this report a short description of the decommissiong plans of the Finnish nuclear reactors and of
the calculation methods applied in Finland for decommissioning studies is given.

2. MAIN FEATURES OF THE PRESENT FINNISH DECOMMISSIONING PLANS

2.1 Loviisa nuclear power plant

The present decommissioning plan /1,2,3/ for the Loviisa nuclear power plant assumes a prompt
dismantlement after a lifetime of 30 years (the cooling time will be about two years). The decommis-
sioning of the first unit will start in 2008 and the whole work will take ca. 12 years (about 3000
person-years). Only the radioactive parts will be dismantled, because the site is planned to be used for
power production also afterwards. Decommissioning waste will be disposed in an underground
repository at the site. One interesting feature of the Loviisa decommissioning plan is that the pressure
vessel (as well as some other main components) should be removed as one piece and be used as a
waste package. Estimated decommissioning costs are ca. 940 million FIM /4/.

2.2 Olkiluoto nuclear power plant

A detailed decommissioning plan for the present Olkiluoto BWR units was completed in 1989-1990.
It assumes deferred dismantling to be carried out after a safe storage of 30 years. Because the design
lifetime of the TVO I and n reactors is 40 years, actual decommissioning will start in 2050. It will
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be coordinated with the final disposal of spent fuel, the interim storage of which is located at NPP.
As in case of the Loviisa units, only radioactive parts are planned to be removed. The decommission-
ing waste will be disposed at the plant site, where the repository for operating waste will be enlarged
accordingly. Decommissioning will last 7-8 years and take about 1600 person-years. The present cost
estimate is 840 million FEM /5,6,7,8/.

3. FINNISH CALCULATION SYSTEM FOR DECOMMISSIONING STUDIES

3.1 Neutron flux calculations

Out-of-core flux distributions for the Loviisa and Olkiluoto reactors are normally calculated with the
REPVICS program system, which was originally developed to estimate fast neutron fluences in the
reactor pressure vessels of the Loviisa reactors /18,19/. The main components of the code package are
shown in Fig. 1. For decommissioning studies, only the one-dimensional branch of the package, i.e.
the well-known ANISN code /23/, has been utilized up to now. The cross sections have been taken
from the BUGLE-80 library, which contains the coupled neutron and gamma constants for many
nuclides and elements in 47 neutron and 20 photon groups /24A Detailed descriptions of flux
calculations for decommissioning studies can be found in /11,16/.

The accuracy of the REPVICS code system has been checked against many measurements. One of the
most interesting studies concerned samples scraped from the inner and outer surface of the pressure
vessels of both Loviisa units /21/. Some preliminary comparisons have also been made with data
measured at the LR-0 zero power reactor in Rez (Czechoslovakia) 1221. All studies indicate that the
calculation system is able to produce reliable results for fast fluxes and spectra up to at least the
cavity outside the pressure vessel. The differences between calculated and measured values are less
than 20%; in many cases the agreement is much better.

The suitability of the REPVICS code system to decommissioning calculations may, however, be
doubtful. With the BUGLE-80 cross sections one may find it difficult to calculate accurately thermal
absorption rates, which are of greatest importance in activity inventory calculations. The reason is that
the BUGLE cross sections do not take into account upscattering of the thermal neutrons.

The accuracy of our flux calculations for subsequent activation studies can be improved to some
extent also without changing the data library. Instead of the one-dimensional ANISN it is possible to
use a two- or three-dimensional code (DORT/TORT) and most of the input data can be defined in
more detail.

For in-core or near-core components it is, of course, possible and even prudent to calculate flux
distributions and spectra with In-Core-Fuel-Management programs instead of the REPVICS package.

3.2 Activity inventory calculations

Flux distributions and spectra from ANISN calculations have been used as input data in Finland when
activity inventories of decommissioning waste have been estimated with the ORIGEN-S code
/12,15,17/. In some of the first decommissioning studies /8,10/ the ORIGEN2 code was used. All
ORIGEN codes are meant for fuel cycle studies /27/. Therefore, to apply these codes especially to
activity inventory calculations of out-of-core components may not be approriate.

Only one series of measurements have been performed in Finland to check the activities calculated
with the ORIGEN2 code. They concerned two fuel channels and two LPRM probes, which had been
irradiated in a TVO reactor. The differences between calculated and measured activities were quite
large, but they could be explained in a satisfactory way by inaccuracies in input data of the calcula-
tions /121. Our results showed, however, very clearly that to get accurate results even for components
located quite near to the active core one must generate case-dependent scaling factors for ORIGEN2
calculations /28/.
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In case of ORIGEN-S we have no measured data to test calculated results. With this program the
generation of case-dependent cross section sets may be the only way to get accurate results. It is a
possible but probably rather tedious approach.

3.3 Dose rate and radiation shielding calculations

Dose rate and radiation shielding calculations for the first official decommissioning plans of the
Finnish nuclear reactors were carried out by a point-kernel program (ANNOSS/ANNOX) developed
at Imatran Voima Oy in the middle of the 1980s /29, Appendix 1/. It seems to be based on quite old
attenuation coefficient and buildup factor data. The above-mentioned reference contains no informa-
tion of the flux-to-dose conversion factors applied in the program.

At VTT/YDI there are nowadays many options available for dose rate and radiation protection
calculations. The point-kernel codes QAD /30/ and MARMER /31/ with their updated data libraries
should produce more reliable results than ANNOSS/ANNOX. Furthermore, one could also use the SN
codes of the REPVICS system or even the MCNP4 Monte Carlo program /32/. With these programs
dose rates accurate enough for decommissioning planning can be achieved. The limiting factor may
be uncertainties in photon production rates, which are generated in the activity inventory calculations.

4. CONTAMINATED WASTE

When estimating the quantities and activities of contaminated decommissioning waste to be removed
from the Finnish nuclear reactors dose-rate measurements and other actual data have been used as a
starting point 11-11. Contamination has so far been very low at all four Finnish nuclear units. It has
been estimated that at both Loviisa and Olkiluoto plant only one percent of the total activity inventory
will be as contaminated waste. Therefore, theoretical modelling for estimating activity inventories of
contaminated components has been considered unnecessary.

5. CONCLUSIONS

Decommissioning calculations for the Finnish nuclear reactors have been performed in a straightfor-
ward, approximate way. Besides uncertainties in some material compositions, the neutron flux
calculations have been the most problematic phase of our procedure. To use a one-dimensional code
is certainly not the best possible choice, especially when trying to estimate neutron flux levels and
spectra quite far from the source region and the BUGLE cross sections are not necessarily the best
possible choice (the SAILOR library may improve the accuracy of deep-penetration calculations).
Fortunately, better computer programs are readily available. However, the relatively old BUGLE data
library should be replaced by a new data library based on one of the just released evaluated data
libraries (ENDF/B-VI, JEF-2 and JENDL-3) and being capable at the same time to treat deep-
penetration problems and to produce a detailed enough thermal spectrum.

The suitability of the original three-group cross sections of the ORIGEN-S code, which have been
generated in the active core conditions, is doubtful, at least for such decommissioning waste compo-
nents, which are far away from the core region. A better option would be to utilize results of accurate
neutron flux and spectrum calculations to create case-dependent ORIGEN data sets, which, however,
may be rather tedious and time-consuming procedure.

Dose rate and shielding calculations may, at present, be carried out accurately enough with computer
programs based on transport theory and even on the Monte Carlo method.

Finally, it must be emphasized that a possibility to verify calculated results (e.g. activities and external
dose rates) against measured values would be of great importance. In the case of an operating reactor,
however, such measurements are difficult, if not infeasible, but before actual dismantling they can be
performed.
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Nuclear Power Plant. Nuclear Waste Commission of Finnish Power Companies, Report
YJT-87-16 (December 1987, in Finnish).
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THE NEEDS FOR PROGRAM AND CROSS-SECTION LIBRARY IMPROVEMENT
IN CALCULATION OF NEUTRON-INDUCED ACTIVITY INVENTORIES

S.G. Yavshitz, V.A.Rubchenya, A. A. Rimski-Korsakov
V. G.Khlopin Radium Institute, St. Petersbourg, Russia

The main purpose of calculations in reactor decomissioning
is to evaluate tne radioactive inventory - induced activity of
structural materials and surface contamination of components.
The nuclear data necessary for such calculation depends on the
calculation method.used, and the calculations can be simplified
and made more reliable if special sets of data were available
for this purpose, and particular codes developed, as we shall
demonstrate.

The IAEA Technical Report No. 267 [13 recommends to use the
ORIGEN [2,33 code to evaluate activities induced in structural
materials C reactor tank, shielding, piping etc. 3. ORIGEN uses
one-group neutron spectrum presentation, so effective cross-sec-
tions integrals library must be generated for every neutron
spectrum situation. Such "ready-made" libraries have been inclu-
ded into the code package for several typical neutron spectra
observed inside the cores of PWR, BWRf HTGR, d-U Canadian reac-
tors, LMFBRs and some others [4-83. Authors of ORIGEN [23 and
0RIGEN2 [33 tested and adjusted their code and libraries for
well-studied reactor core neutron spectra. They also assumed
uniform neutron distributions "inside the core" and did not
test it for highly un-homoqeneous and "distorted" neutron spec-
tra outside the core, in the shielding etc. So special neutron
cross-section libraries must be generated for "out-of-the-core"
application of ORIGEN ( or 0RIGEN2 ), and special calculations
must be done to obtain neutron flux distributions outside the
core by reactor physics codes external to ORIGEN, such as
ANISN 193. Technical Report No. 267 [13 recommends to use the
ENDF/B [101 library to generate the multigroup cross-section
presentation by ETOG ( or NJOY ) [113 package - and then obtain
one-group cross-section library for ORIGEN as spectrum averaged
cross-sections. Both calculations are, not so straightforward
and simple, not to mention the necessity to "adjust" the cross-
section library by experiment.

Real evaluations of induced activity [12,13,143 we know are
made by application of code ANISN [93 to calculate the neutron
flux and "direct" use of ORIGEN-S or 0RIGEN2 to calculate the
activation and ignore the fact that neutron spectra in ANISN
are C in principle ) different from those used for.spectrum ave-
raging in ORIGEN libraries. The results of [133 and 1143 calcu-
lations will be "adjusted" later by comparison to experimental
data, but "unadjusted" results for Co-60 and Eu-152 production
in [143 differ by factors about 3 from the experiment.

Though this is guite satisfactory for sinqle example, no me-
thodical approach is suggested in 1131 or Ci43 to ensure such
calculations will give same kind of satisfactory results in ge-
neral case. But the main difficulty in this procedure is that
"true" reactor modelling programs such as ANISN require serious
volumes of input data and are effort- and time-consuming.
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We intend to demonstrate the possibility of such an approach
that will fit well into ORIGEN structure and could be used on a
modest PC computer directly on the decomissioning cite. This app
roach would also require only one C well tested j set of pre-cal
culated "adjusted" se't of cross-section libraries ( averaged by
typical neutron spectra outside the reactor core ).

In 1988-1990 KRI group developed a program package NAK [153
for calculation of radionuclide production in reactors that
can be used to predict neutron flux depression around irradia
ted samples and be fast enough to optimize irradiation conditi
ons and geometry by multiple calculation tests.
The calculation is based on one-group C one-velocity ) approxi

mation C same as in ORIGEN ) that permits to use fast numerical
solution of one-group neutron transport equation in two-dimensio
nal geometry C we used it for axially symmetric systems D. The
neutron scattering in laboratory system is taken isotropic C it
is well fulfilled for thermal neutrons ). The volume is supposed
not to contain fissioning nuclides C just our "out of the core"
case ), then the one-group transport equation is :

c u -
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1 / 2
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where 2 is the effective cross-sect ion, μ and y are the directi-
on cosines of neutron velocity and
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M
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with the boundary conditions pCp,z,p,}O=$Q - the flux value on the

boundary, and -l^<0 , ̂ <0 on the surface of the neutron emitting
cylinder C in case of modelling the flux distribution outside the
core ).

This transport equation then can be solved by V. S. Vladimirov's
method, based on introducing a discrete grid for z and p and by
integration by z between grid nodes. The iteration by neutron
flux density $ is used. Such iteration procedure takes 10-15
steps to give the exact solution of the one-velocity transport
equations.

In case of ORIGEN the neutron flux values found are enough for
further calculation of radionuclide yields, provided the spect-
rum-averaged cross-sections for this part of the reactor have
been tabulated and are available. In our case [153 we also had
to find the radionuclide burn-up and accumulation that was
described by a system of N equations C where N is the number of
nuclides invoved ) and the time is represented by small steps in
which the reaction rates are practically constant. Then radionuc-
lide concentrations were calculated t in addition to the neut-
ron fluxes derived from transport equation solution ).

34



The NAK package was first written for BESM-6 computer in the
FOREX language and later re-coded into FORTRAN-77, so it can be
coupled with another FORTRAN code C for example, ORIGEN ). It is
a very compact and fast instrument - and if verified against mo-
re serious neutron transport code such as ANISN, it could simp-
lify the procedure of induced activity evaluation for reactor
decomissioning.

At present the authors of [12,13,143 had to use ANISN for
evaluation of radial and axial neutron flux distribution, which
later supplied the input flux values for ORIGEN. Such calcula-
tion is a separate time- and effort-consuming project, since the
ANISN needs a lot of data and produces multi-group neutron-spec-
tra. Some arbitrary procedure has to be employed to convert this
output into integral neutron fluxes, like using some "reasonable"
coefficient [123 to deduce integral flux from thermal component.
In this procedure the fact that ORIGEN spectrum-averaged cross-

-section library was tabulated for different spectrum shapes was
not taken into account - which of course leads to errors as the
authors admit. It seems to us that one-group program like NAK in
this respect would be more "uniform" with ORIGEN when using the
same flux and spectrum descriptions and the same cross-section
libraries C tabulated beforehand for typical "out of the core"
cases 3.

To test this idea we used NAK to calculate "effective" ther-
mal neutron flux distribution and expected inventory of Co-60 in
1 meter thick concrete biological shield of Garigliano NPP using
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Distance, cm
Fig.l. Distribution of neutron-activated Co-60 in the conc-

rete biological shield of Garigliano NPP :
Squares - experimental [143
Dashed line - calculated by ANISN and ORIGEN [143
Solid line - calculated by NAK [153
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the concrete composition data from [14] and compared the results
to ANISN prediction and to experimental data from [14]. As can
be seen from Fig. 1 NAK results are in good agreement with ANISN
prediction and, what is even more satisfying, with the experi-
mental data. NAK can be equipped with "effective" cross-sections
library to calculate the activation yields, if necessary.

On the other hand, ORIGEN is a convenient and well-known in-
strument and it is desirable to extend it's capabilities for in-
ventory calculations for reactor decomissioninq.

For that purpose, as we have tried to show, two additions
should be developed and implemented :

1. Special spectrum-averaged "adjusted" cross-sections for steel
reactor vessel and for concrete shielding should be calculated,
verified experimentally and recommended for use in ORIGEN when
applied to out-of-the-core activation calculation

2. Neutron flux attenuation at various depths in these materials
should be taken into account by adding a special program modu-
le like the abovementioned NAK [15] into ORIGEN. This feature
can be based on numerical solution of one-group neutron trans-
port equation in 2-dimensional geometry, which permits to get
satisfactory results by relatively simple means ( compared to
use of multigroup reactor physics programs such as ANIsN ).
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Nuclear data in the problem

of fission reactor decommissioning-

Manokhin V.N., Kill agin N.T.

In this report a review is given of the works published in

Russia during last several years and devoted to the problem of

nuclear data and calculations of nuclear facility activation for

fission reactor decommissioning.

1 -General concept of reactor decommissioning in the framework

of the former Council of Mutual Economic Assistance was published

in the work [1] in 1990- According to this work during period up to

2000 year it was planned to decommission 10-15 reactor units of

nuclear power stations. The preliminary estimates shows that for

complete removal of nuclear power reactor WWER-1000, including

the dismantling of inventory and systems and the destroying

of buildings,the removal of radioactive wastes from reactor site,

the ezpeanses amounts to 30% of the total cost of NPS. These

expeanses depend strongly on the amount of radioactive wastes, which

are within (5-20)«1O^ tons,the methods its treatment and separation

from materials, which can be used in allowable limits.

That is why the main objectives in the NPS decommissioning is

not only minimization of collective irradiation dose and also

minimization of radioactive waste amounts.

In this connection it is especially important to have a

reliable calculation of the reactor inventory activation and

radiation fields in the places of the dismantling and wrapping of

inventory. A number of works are devoted to these problems [2-5].

The main results of the calculations from these works are given

below.

2.In the work [2] the calculational estimates are made of

the space and time dependencies of specific activity and rate of

equivalent dose for model, which imitates reactor vessel wall of

WWER type reactor (layer of steel is 19 cm thick). For the

activation calculations the activation data library formed by the

authors was used. The library includes group activation cross

sections and deoay characteristics of 46 radionuclides. The data

of the library have 40-group presentation as in CASK-system.

The analysis of the results of calculations allows to do the

following conclusions:

- main contribution to the total activity of WWER vessel and dose

rate of activation product gamma-radiation, in 2 years after
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shutdown give radionuclides, arising from the following reactions:
59Co(n,7)60Co, 54Fe(n,p)54Mn.

- space distribution of the activity of radionuclides in reactor

vessel wall is determined by space-energy distribution of neutrons

in it during reactor operation.

So the activity or Co, arising from thermal neutron

radiative capture, decreases rapidly in vessel wall, and the

space distribution of T4h, arising from threshold reaction,

correlates with space distribution of fast neutron flux in

iron, and exponentionaly decreases.

The work [33 is devoted to prognosis of neutron induced

activity and field of gamma-radiation of Co in the shield of IRT

reactor of MIEP for decommissioning. The code ANISN with

DLC-23/CASK library was used.

The conclusion is given in this work that induced activity

and radiation field depend on the time power distribution

during reactor operation .reactor construction and shield, element

composition of structural and shielding materials, including

tracer elements so as cobalt .europium, which very often determine

induced activity. It is noted that content of tracer elements

varies usually within large range. That is why for every reactor

in process of preparation for decommissioning it is necessary to

calculate induced activity and gamma-radiation of activation

products.

3.The work F41 contains the result of careful investigation of

induced activity in concrete used for reactor shield. It is noted

that the calculation of concrete activity is not easy task because

of lack of information about concentration of elements giving

long-lived radionuclides ,in particular cobalt, europium, cesium

and tantalum. The work contains the results of concentration

measurements of these elements for more often used concrete

component: limestone, granite, serpentite, and their activity

induced during reactor operation. It is shown that in 250 days

after shut-down the activity of these materials are determined by
1 52

long-lived radionuclides: in limestone and granite - ^ Eu,
6 0 Co, 1 3 4Cs, 45Sc and 182Ta, in serpentite - 60Co.

For comparison the calculations were made- of time behavior of

specific induced activity for the materials mentioned above in 30

years of reactor operation .

These calculations show that the average activity of limestone

ten times lower in comparison with granite activity and 100 times
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lower than serpentite activity and equal to 1.66*10 in 0-5

years after shutdown.

The main radionuclides which determine activity of limestones

are 1^2Eu, ^^Eu, Co; from them the contribution of ^ Eu is the

greatest and changes from 60% in 0.5 years to 75% in 20 years

after shutdown.The average activity of granite in 0.5 years after

shutdown is 4.55*1O~^Bkxg~ /m *s~ and in 20 years decreases

only 3 times.

High concentration of cobalt in serpentite (1*10 mas %)

determines its induced activity. The induced activity of cement

used for concrete was measured as well. The calculation allows to

make conclusion that the activity of concrete with limestone is

determined by cement activity. The activity of concrete with

granite and serpentite are determined by these materials. It is

noted that there are large uncertainties in concentration of

elements which determine long-lived induced activity of rocks.

4- For development and improvement of codes and constants it

is very important to do calculational investigations of test

models of reactor shield of various types. In this connection one

should note the work by Savitsky [6] on development of fast

neutron reactor shield model. Such investigations give possibility

for those who develops code systems and data libraries to check

reliability of codes and constants. The models are created having

in mind the shield composition of reactors in operation and the

result of the calculation of radiation fields for this models can

be related to some extent with real shield construction.

5- In the connection with nuclear data problem a considerable

attention is paid to the analysis of sensitivity to changes in

input parameters. Several codes are developed and used for this

purpose, for example SWANLAKE, ZAKAT and its modifications. The

modified version of SWANLAKE, which is called SWANLAKE-ACT [3] is

based on linear perturbation theory for sensitivity coefficient

calculation of the functionals of activation product 7-radiation

field to neutron reaction cross sections, nuclear concentration of

activatied isotopes and decay constants of nuclei-activation

products.

Using the code SWANLAKE-ACT in the work mentioned the

calculations were made of energy dependence of sensitivity to

microscopic activation cross sections,and rate of equivalent dose.

6. For further development of constant systems it is very

important to work out the principles of creating the purpose-

oriented libraries.
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The specialized nuclear constant library for the calculation

of last neutron power reactor (PROBA-BN)[6] is formed on the base

of multigroup library VITANIN-C.

The specialized group libraries used in calculations give

additional uncertainties, connected with transition from

multigroup presentation of cross sections to group presentation

(uncertainty of cross section averaging).

If to accept that uncertainty of cross section averaging

should not exceed uncertainty of constant component of radiation

field calculation, then the decreasing of uncertainty existing as

a result of averaging cross sections may be achieved by using space

dependent group constants which contain different group constants

for the same isotopes but in different physical zone of nuclear

facilities.At the same time the decreasing of uncertainty of cross

section averaging may be achieved by optimization of group

structure of library by means of using additional information on

sensitivity of functionals of radiation field to interaction cross

sections.

7- In conclusion one should note that in Russia for

engineering calculation of nuclear reactors and shield the codes

ROZ (one-demensional calculation) and RADUGA (two-dimensional

calculation) and similar foreign codes ANISN and DOT are widely

used. These codes are connected with the group constant system BNAB.

At the present time in addition to the version BNAB-78 the new

version BNAB-9O was implemented into practical calculations. The

BNAB-90 includes multigroup presentation with maximum number 300.

The multigroup presentation is used in the cases when it is

important from point of view of calculation accuracy. The aim is in

process of nuclear data averaging not to lose the accuracy achieved

in pointwise microscopic cross sections. The data of BNAB system

can be prepared in ANISN format and the system was adapted on

PC/AT. The BNAB-90 system is used for the calculations of shield

and activation of reactor inventory. For this purpose the library

of activation data is formed, which includes cross sections for

more 3000 reactions, decay data and other data. It is planned the

further evaluation and testing of activation cross sections of the

library.
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About Calculations of Nuclear Data

Sensitivity for Activation.

Yu.G.Bobkov,N.T.Kulagin,V.N.Manokhin,A.M.Tsybulya.

The radioactivity of materials at tlie fission reactor

decommissioning is determined by neutron induced activity and

contamination of the corrosion and fission products-For radiation

safety in the process of decommissioning the activation of

internal vessel devices,vessel and radiation shield plays important

role-For KPS with capacity 1000 MVt after 30 years of operation and

removal of fuel even in several years after shutdown the total

activity is estimated ~10 Ci.The gr%at rate dose creates

difficulties to do work on desactivation and dismantling of

inventory.The most responsible and complex procedure is dismantling

of reactor vessel and biological shield.

The aim to minimize collective dose and radioactive waste

amount and to develop optimal plan of dismantling requires to do

calculation of contamination by the products of fission and

corrosion and activation of structure materials and shield.The main

contribution into activation is connected with radiative

capture,but it necessary to take into account the activation by

threshold reaction (n,p), (n,a), (n,2n) and go on,especially in fast

reactors.

As for as the same radionuclides can be produced by different

chains it should be investigated all possible ways of their

production and to do sensitivity analysis to cross sections of

activation.

It should be paid attention on the possibility of production

of long-lived radionuclides throgh short-lived radionuclides having

in mind that for radioactive nuclides the radioactive capture cross

section may be extremely great.

For sensitivity analysis and there is well developed procedure

based on using the perturbation theory,suggested by Gandini[1 ] and

developed by Usachev and Bobkov[2] concerning burn-up fission

products calculation taking into account the capture on the

produced nuclei. A set of equations describing activation process

in a reactor takes the vector form :

n=n 0 at t=t Q (1)

Here n(t) = { ^ (t),... ,n- (t),... .n^Ct)} is a nucler

concentrations vector at a time t. The matrix describes nuclide
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trasformation and its diagonal elements have the form - ^

,where X is the probability of radioactive decay ,G - a neutron
o

capture cross section ,F-a neutron flux. The vector components

n. (t) are numbered in such a way that as a result of fi~- and p -

decay and neutron capture the component number always increases.

The components of vector f*are used only for fission product

kinetics.,and equel zero for our task. Knowledge of n(t) allow to

calculate the functional of the following types :
-> m

Q =(n(t),p)|+ = 2 n.(tr)p. (1 ')

For determination of reaction impotanoe for calculation of a

given functional and sensitivity to accuracy of the reaction data as

well we shall use the adjoint equation:

- -j§- = A* n+ , n^p |t ,for Q=(n,p) (2)
"1

Here the sign at the time derivative is changed for the

inverse one , the matrix A -for the transported A , the boundary

conditions are set at the end of the time interval, the solution is

perfomed in the opposite direction of the time and begins from the

last component of the vector n (t).

In order to obtain the per tuba t ion theory formula for the

sensitivities, along with equation (1) the pertubed equation should

be written

~dt"~ = A'n' + f' n'= "6 I *0 (3)

Multipling equation (3) by n+,and (2) by n,,substracting the

second expression from the first one,and integtating with

respect to the time from tQ to tf, we derive the expression

(n'.n4")!. - (n'.n4")!- = . §* n'OA n+dt +,§1(n+,l' )dt (4)
xf z0 z0 X0

Carrying on the same operations with unperturbed equation (1)

we similary have

For boundary conditions (2) we have

|t = ± f (n
+?)dt (5)

f t0 xo

(n,p) |+ = Q =+r(n,f)dt + (n,n ) |+ (6)
tf tQ tr

The latter, formula for the (n,p) scalar product provides a

possibility of independent functional calculation through solving

the abD'oint equaion.lt enables on to check numerical solution
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algorithms. Subtracting expression (6) from expression (5) we

derive

6Q =.§* n+6 A n'dt + .fC(n+Cf")dt + ((n'-ii)n+) i .
x0 to t0

The algorithm described was realized in PACT one group code

for perturbation theory of activation.Chaines of any length may by

used and (n,2n), (n,p), (n,a), (n,7) cross sections are taken into

account and p,£ - decays and isometric transfer.Now we update

this code for (n,na), (n,np), (n,d), (n,t) reactions and prepare data

for radionuclides cross sections.

We used this code for determining importance of the proper

reactions respectively to contributions to the chosen functional.

Activation calculation uncertainties consist of trasport

equation solving differences in flux density and activation cross

sections uncertainties,its completeness and accuracy.

Some testing calculations are shown that influence of slowing

down,resonance self-shielding and anisotropic elastic scattering

approximations are very impotent in neutron shielding flux

calculations [33-

Developing in our institute code for neuclear data accuracy

and completeness for decommissioning and connected with this tasks

include:

- ANISN - H - modified code with slowing down cross section

correction.[4]

- BNAB - 90 - transport cross section with self-shielding

correction propability table method.

- DLD/1OO - activation cross section in 28 neutron groups-

- DECACT - decay data for 2000 neuclide mainly from ENSHF

- PAK - code for dose calculation.

The building up of long lived nuclides on complicated chains

demands on neuclear data sensitivity analisys with taking into

account neutron spectrum of reactor,its fluence and level

capacity.[53-[9]

The cross sections must be tested in well planing benchmarks.

For this perposes we propose develope :

-some calculation benchmarks for all kind of reactors;

-list of nuclides and reactions with most impctance for

decommissioning (about 700 reactions);

-evaluate reactions or compile them from existing library ;

-problem-depended many group library (ANISN format may be

in GAM-II 100 neutron groups);

planing benchmark experiments for testing this neuclear data.
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ASSESSMENT OF RADIATION FIELDS FROM
NEUTRON IRRADIATED STRUCTURAL COMPONENTS OF

THE 40 MW RESEARCH REACTOR CIRUS

S.Sankaranarayanan AND S.K.Sharma
Reactor Group

Bhabha Atomic Research Centre
Trombay, Bombay-400 085, INDIA

I. INTRODUCTION

1. CIRUC is a 40 MWt natural uranium fuelled, heavy water
moderated, light water cooled and graphite reflected thermal
neutron research reactor. The reactor is located at the Bhabha
Atomic Research Centre, Trombay and is in operation since. July,
1960. Operation of the reactor over the last 32 years has been
quite satisfactory and it continues to provide significant
facilities for conduct of research, isotope production and
irradiation testing of fuels and other materials. Recently,
efforts have been initiated towards conducting studies related to
ageing of reactor components and identification of refurbishing
requirements aimed at extending the life of the reactor.

2. The reactor core is housed in a 267 cm diameter vertical
aluminium calandria of wall thickness 6.4 mm and having 199
aluminium alloy calandria tubes serving as lattice positions
where fuel assemblies are installed. The wall thickness of the
calandria tubes is in the range of 1.6 mm to 6.4 mm . Aluminium
tube sheets of thickness 7.6 cm each , are provided at the top
and bottom of the calandria and the calandria tubes are rolled
into these tube sheets. One aluminium thermal shield of
thickness 30 cm, two steel thermal shields of thickness 30 cm
each and concrete biological shields located at the top ; and
one aluminium thermal shield of thickness 24 cm and three steel
thermal shields of thickness 30 cm each located at bottom of the
reactor vessel provide required neutron and gamma shielding in
the axial direction. The thermal shields as also the tube sheets
are cooled by recirculating light water.

3. The reactor vessel is radially surrounded by two segments of
graphite reflector of total thickness 84 cm, followed by two cast
iron thermal shields of thickness 15 cm each and a concrete
biological shield. The graphite reflector and the cast iron
thermal shields are cooled by forced flow of ventilation air.

Figure-1 gives a schematic representation of CIRUS reactor.

4. For assessing the radiation fields from these components
due to long lived radionuclides that would be encountered during
any major refurbishing operation or during future decommissioning
activities, the neutron activation of the base material and
impurity species present in these structures is of interest. At
the rated power of 40 MW, the maximum neutron fluxes at the
various structural components vary in the range 3.2E+12 n/cm2/sec
for the neutron energy above 1 MeV to 6.5E+13 n/cm2/sec for
neutron energy below 0.625 eV and give rise to a variety of
radionuclides caused by (n,V), (n,p), (n,cO and (n,2n) reactions.

This paper summarises the results of an assessment of the
radiation fields from the long-lived neutron activation products
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FIGURE i....CIRUS REACTOR: LAYOUT OF
AXIAL & RADIAL COMPONENTS
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(including the decay chain products) in the various structural
components of the CIRUS reactor given above. Special attention is
given for the analysis of neutron activation of impurity elements
present in the materials of construction.

II. METHOD OF ANALYSIS

1. Consider the composite material plate of thickness T, to
be irradiated for a time 'To' at an effective (including flux
depression) thermal neutron flux level of 1.0E+11 n/sqcm/sec and
is to be handled after a radiation cooling time of 'Tc'. For
the jth radioactive nuclide formed in the ith component element
of the material, we note [1] that

Specific
Activity

C = c . f i . [ 1 - E x p ( - X To) ] E x p ( - A T c ) . . . ( l )
i j i j i j i J
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Surface g-dose rate C P E Y G
due to kth 9 -photon ij i ijk ijk ijk
emitted by jth nuclide = (2)

( D ) 2 u £
ijk ijk ijk

where G =, A {1-E (uT T+a)} + (1-A) {1-E (uT 1+b)} (3)
ijk (T+a") 2 ijk (1+b) 2 } ijk

Total surface 7 -dose
rate due to activation S s^, ̂
of all elements present D (To, Tc) = ^ < < D ........ (4)
in the material i j k ijk

where fi = fractional weight composition of the ith element

c = Saturation specific activity of jth radio-nuclide
ij formed in the ith element of the material

and (A,a,b) are gamma energy dependent radiation build up
parameters for the plate material.

If the irradiation period 'To, comprises of several cycles
with reactor operation time 'to' and shut down time 'ts', it can
be shown that Cij in equation (2) is to be replaced by (qij.Cij)
where

N
qij = (1-bl){l-(blb2) } b2

; N = To/(to+ts).....(5)
N

and bl = exp(- Aij to ) ; b2 = exp(- Aij ts )

A = Decay Constant of the radio-nuclide
ij

j = Density of the alloy medium

E = Energy of kth typeV -photon emitted by the
ijk jth radio-nuclide formed in the ith element

Y = Fractional yield of kth type ̂  -photon emitted
ijk

u = "^-energy dependent linear attenuation coefficient
ijk of the material

6 =^ -energy dependent '(photon energy flux/dose rate)'
ijk Conversion Factor

r -P -2
and E (x) = An Exponential Integral = x J e p dp

2 V

2. Equations (1),(2) and (4) suggest that, for quick
assessments, one may attempt a functional fit for the total
surface V -radiation dose rate from the irradiated plate, in
the form
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D(To,Tc) - D(po,o) [ 1 - Exp(-To/Tm) ] Exp(-Tc/Tm) (6)

where Tra is a fitted 'effective mean life' for the radioactivity
in the irradiated material and represents the effect of all
decaying component radio-nuclides, their V-activity and the
attenuation of the photons in the given thickness of the
material. Clearly D(<x>,o) is the maximum surf ace V-dose rate
(infinite irradiation and no radiation cooling).

3. For the estimation of specific activity cij, different
neutron reaction types (n,V), (n,p), (n,«<) and (n,2n) are
considered. The neutron capture (n,V) reaction is taken
separately for thermal and resonance neutrons. Other fast
neutron reactions are estimated for fission spectrum energy
range (0.1 - 10MeV) of neutrons. For this purpose, results of an
one dimensional-4 neutron energy group diffusion theory code
FORGAD [2] is used. The four neutron energy groups taken are

Group 4*1 : >0.9 MeV
Group 4*2 : 3 KeV -0.9 MeV
Group 4*3 : 0.4 eV -3 KeV and
Group 4*4 : <0.4 eV

4. The condensed four group neutron cross sections needed for
FORGAD are obtained using an integral neutron transport theory
code TRASIM [3], which obtains the 16 group neutron fluxes for
the CIRUS reactor core material composition, using the Hansen-
Roach 16 group neutron cross section library [4]. The fuel
nuclide cross sections are appropriately corrected for finite
dilution for resonance fission and capture reactions as well as
for heterogenity effect in the CIRUS fuel lattice cell.

The resonance cross sections apply to neutrons of energy
>0.5 eV [7] and hence the total neutron fluxes above 0.4 eV
(Groups 2,3,4) can be taken as resonance neutron flux. However
to allow for possible underestimate of neutron flux spectral
hardening, when a single set of 4 group condensed cross sections
(based on core neutron flux spectrum) is used for the same medium
but located at different regions, and to allow for resonance
shielding effects, the resonance neutron flux was somewhat
reduced by using the total neutron fluxes above 3 KeV (Groups
3,4) as resonance flux. This procedure was adopted to avoid the
usage of multiple sets of four group condensed neutron cross
sections for the same material in the analysis. (This aspect is
being refined further).

The CIRUS reactor core and structural components are
represented in the code FORGAD as separate regions (with several
mesh points in each region) in slab geometry in the reactor axial
direction ; and in cylinder geometry in the reactor radial
direction, to obtain the four group neutron flux distribution in
each region.

5. The FORGAD code results so obtained along with the 4 group
neutron fission cross sections, as well as region material and
dimensional data, are input into a neutron flux calibration code
FLXFRG [5] to obtain the absolute values of the activating
neutron fluxes at the rated power of 40 MW in the various
structural components.
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6. With the above assumptions, radioactivity levels and
associated surface gamma radiation fields from activated nuclides
of component elements are estimated using a code ACTALY [6] for a
given thickness of two types of steel alloys (SS-304L [11] and
ASTM-A302B ) and two types of aluminium alloys (Al-1100 [12]
and ALCAN 6056 ). The four group neutron flux spectrum results
obtained from FORGAD is input to the ACTALY code. Required
radiation attenuation coefficient and build up factor data for
gamma photons in 5 distinct energy groups (1,2,4,6,8 MeV) are
built in the ACTALY code. Nuclear data [7], [8] available in
literature are taken for fission neutron reaction cross
sections, resonance capture integrals, saturation specific
activity due to thermal neutrons [9], *V -energy and yields, linear
attenuation coefficients and (photon energy flux / dose rate)
conversion factors [10]. For gamma field computations, linearly
interpolated gamma photon attenuation and build-up parameters for
decay gamma energy of the radioactive nuclides are used.

For each value of (To,Tc) taken from a suitable built-
in data set, the ACTALY code computes specific activity level
(mCi/gm), surface radiation field (R/hr), five radionuclides in a
selected range contributing to the surface field, and a fitted
value of effective mean life Tm (days).

7. The surface gamma radiation fields computed in ACTALY for
different neutron flux spectra and for two material thickness
values of 5.0 mm and 305 mm, are also input into the code FLXFRG,
to enable estimation of surface radiation fields for the
structural components of CIRUS reactor, at different irradiation
and radiation cooling times. The neutron flux spectra are
assumed to be represented by a fast neutron flux ratio. These
data are then used in conjenction with the estimated irradiating
neutron flux level and the fast flux ratio in the region, using a
piece-wise logrithmic interpolation. For each region the gamma
fields are computed (at several mesh points) for the region mean
thermal neutron flux, with the neutron flux spectrum at the mesh
point, but for the total r.e_gio.n iiiicii;ngs_s.. This is done to
assess the dependence of the surface field on the neutron
spectrum within the region, so as to get a proper estimate of the
surface radiation field. If the region produces fission power, a
typical small constant material thickness is taken, to
realistically assess the surface radiation field for in-core
components.

Figure-2 gives a simplified block logic flow diagram for
the inter-link between the computer codes used for this analysis.

III. RESULTS AND DISCUSSION

1. The estimated region mean four group neutron flux values
at 40 MW at the radial/axial maximum flux points are given in
Table-1A and Table-IB for the CIRUS structural components
located in the axial and radial directions of the reactor.
Figure-3 and Figure-4 give the histograms for the neutron
fluxes in some of the axial and radial components.

The region mean flux values are computed across the thickness
of the component. It may be mentioned that the maximum thermal
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Fig-4: CIRUS 4 Group Neutron Fluxes at 40 MW

neutron flux values of 5.8E+13 n/sq.cm.sec estimated in both the
axial and radial mode computations compare well with the value of
6.5E+13 n/sq.cm/sec quoted [13] for CIRUS reactor. It may also
be mentioned that the neutron flux spectrum hardens substantially
in the carbon steel components due to the absence of neutron
thermalisation of the fast neutrons escaping the core region.
This is of interest for the realistic assessment of resonance and
threshold neutron reaction products in these regions.

To enable estimation of the surface gamma radiation fields
as a function of varying neutron flux spectra in these
components, a fast flux ratio given by

FFR = neutron flux above 0.4 eV / neutron flux below 0.4 eV

is used. These ratios are also given in Tables-1A and IB.

2. Plate materials used in CIRUS reactor design for the Top and
Bottom Steel Thermal Shields are made of carbon steels such as
ASTM-A131 Grade B, ASTM-A373, ASTM-A201 Grade A, ASTM-A285 grade
C quality. Carbon Steel SAE-1015 is used for tube components of
these structures. The Cast Iron Side Thermal Shields uses ASTM-
A48 Class 30. Data for the elemental compositions for these
materials are taken from CIRUS design manuals and drawings [14].
Since the alloying element composition in these materials vary
somewhat among each other, the alloy composition of carbon steel
ASTM-A302B [16], is used as a single material having an
enveloping element composition for the analyses of all these
structures. The element composition used for the ASTM-A302B
carbon steel(wt%) is given below:

C Mn P S Si Mo
Carbon steels in CIRUS : .13-.30 .3-1.2 .04 .04-.05 .15-.4.
Carbon Steel ASTM-A302B: .25 1.5 .04 .05 .32 .6
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Table-1A; CIRUS Reactor: Region Mean Neutron Fluxes
at 40 MW at maximum radial flux points

STRUCTURAL COMPONENTS IN AXIAL DIRECTION

Region

Bottom Base Plate

Thermal Shield(L)

Thermal Shield(M)

Thermal Shield(U)

Thermal Shield

Tube Sheet(L)

Reactor Core

Reactor Core

Tube Sheet(U)

Thermal Shield

Thermal Shield(L)

Thermal Shield(U)

Material

Carbon Steel

Carbon Steel

Carbon Steel

Carbon Steel

Aluminium

Aluminium

Natu+D20 Av.
Max.

NatU+Helium

Aluminium

Aluminium

Carbon Steel

Carbon Steel

Thick(cm)

13

20.2

29.2

29.2

24.1

7.6

270

34.8

7.6

30.5

30.5

30.5

Neutron Flux (n/sqem/sec)

>900 KeV

1.5e5

3.2e6

Ie8

3.3e9

3.5el0

2ell

2.2el2
3.3el2

7.5ell

5.2ell

6.4el0

4.2e9

I.le8

3-900KeV

6.6e8

4.8e9

3.1el0

1.9ell

5.6ell

1.5el2

8.5el2
1.3el3

1.9el2

1.8el2

6.2ell

2ell

2.5el0

.4eV-3KeV

2.7e8

2e9

1.4el0

2el0

9.5ell

2.2el2

1.3el3
1.9el3

1.6el2

1.4el2

5.9ell

1.4ell

l.lel0

.<.4eV

3.6e6

2.6e7

1.8e8

9.3e9

4.4ell

3.3el2

3.9el3
5.8el3

1.7el2

9.7ell

9.8el0

3e9

1.4e8

0>.4eV

0<.4eV

260

260

243

42.6

3.51

1.17

.61

.61

2.51

3.79

13

114

256

To obtain region radial average flux, divide tabulated values by 1.7



Table-IB; CIRUS Reactor: Region Mean Neutron Fluxes
at 40 MW at maximum axial flux points

Region

Reactor Core

Reactor Core

Reactor Core

Reflector

Calandria Wall

Reflector

Irradn.Annulus

Reflector

SideThermalShield

SideThermalShield

STRUCTURAL

Material

NatU+D20

NatU+D20

NatU+D20

D20

Aluminium

Graphite

Air

Graphite

Cast Iron

Cast Iron

COMPONENTS IN

Av.
Max.

RADIAL DIRECTION

Thick(cm)

28

5.

6..

50

50

13

22

64

23

34

61

15

15

Neutron Flux (

>900 KeV

3.1el2
3.3el2

2.2el2

1.2el2

2.6ell

1.7ell

4.4el0

l.lel0

1.2e9

7e6

7.5e5

3-900KeV

1.2el3
1.3el3

8.4el2

4.4el2

1.4el2

1.1612

3ell

7.4el0

7.8e9

7.9e7

1.6e7

n/sqcm/sec)

.4eV-3KeV

1.8el3
1.9el3

1.3el3

6.8el2

3.8el2

3.5el2

1.7el2

7.6ell

1.4ell

2.3e9

1.8e8

<.4eV

5.4el3
5.8el3

3.8el3

2.1el3

1.6el3

1.5el3

1.3el3

9.8el2

4.3el2

2.9el0

2.7e6

0>.4eV

0<.4eV

.61

.61

.61

.58

.35

.31

.16

.09

.03

.1

72

To obtain region axial average flux, divide tabulated values by 1.5
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For steel alloys A5TM-A302B and SS-304L, the V -radiation
fields from five thermal and resonance neutron (n,V ) reaction
products Fe-59(Half-life= 44.51d), Mn-56(2.579h), Si-31(2.62h),
Cr-51(27.7d) and Ni-65(2.52h); and from five threshold
(n,p) reaction products Mn-54(312.2d), Mn-56, Al-28(2.25m),
Co-58(70.9d) and Co-60 (5.272y); and one threshold (n,2n)
reaction product Mn-54 are assumed to be dominant* in the
irradiated material. However only nuclides with large halflives
(>50d) are effective for the present analyses.

3. For the construction of reactor vessel, calandria tubes,
Top and Bottom Tube Sheets as well as Top and Bottom Aluminium
Thermal Shields, aluminium alloy ALCAN 6056 is used, with the
following alloying element [15] composition (wt%) :

Cu
. 0 1

Fe
.40

S i
. 2 0

Mn
.01

Ti
.01

Ni
.005

Zn
.005

Cr Ga V B Cd Co Mg
.005 .025 .025 .002 .002 .001 .01

For the aluminium alloy ALCAN 6056/A1-1100, the V -radiation
fields from sixteen thermal and resonance neutron (n,*? ) reaction
products Al-28, Si-31, Fe-59, Mn-56, Cu-64(12.7h),
Cu-66(5.1m), Zn-65(243.8d), Zn-69(13.8h), Zn-71(3.97h), Cr-51,
Ga-72(13.95h), Cd-107(6.5h), Cd-109(462.3d), Cd-115(44.6d),
Cd-117{3.4h) and Co-60 ; from nine threshold (n,p) reaction
products Mg-27(9.45m), Al-28, Mn-54, Sc-46(83.8d),
Sc-47(3.34d), Sc-48(43.7h), Ag-110(249.8d), Fe-59 and Na-24
(14.97 h); from six threshold (n, «£ ) reaction products Co-60,
Na-24, Ca-45(165d), Ca-47(4.54d), Sc-48(43.7h), and Mn-56 ; one
threshold (n,2n) reaction product Mn-54 and two radioactive decay
products In-115(4.49h) and In-117(l.93h) are assumed to be
dominant* in the irradiated material. Here also only nuclides
with large halflives (>50d) are effective for the present
analyses.

4. Table-2 gives a summary of typical computed ACTALY code
results for 304.8 mm and 5.0 mm thick plates of both ASTM-
A302B and ALCAN 6056 materials for an irradiation period of 30
years, and radiation cooling times one year as a function of the
fast flux ratio. A cyclic operation mode with 25 days operation
followed by 5 days shut-down is used for these analyses. The
significant dependence of the surface gamma field on the neutron
flux spectrum, for a given thermal neutron flux is evident from
Table-2.

5. The ACTALY code estimated individual surface gamma
radiation fields in the structural components of the CIRUS
reactor, at the end of 30 years of cyclic operation as given
above and for radiation cooling times of 1,2,5 and 10 years,are
given in Table-3 and Table-4. It may be stated that for the
carbon steel components, the dominant radionuclides for gamma
field are Mn-54 (>90%), Fe-59 (1-10%) and Co-60 (<1%); while for
the aluminium components, the dominant nuclides are Co-60 (>90%)
and In-117 (<1%).

(* Depending upon the composition of the steel/aluminium
alloys, some of the radionuclides given above may be absent in
the irradiated plate material).
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Table-2; CIRUS Reactor-30 year 25d/5d Cyclic Operation and Tc=lyear
Typical ACTALY Code Results(Irrn. Thermal Flux = 1.0E+11 n/sqcm/s)

Material

Carbon

Steel

ASTM-
A302B

Aluminiui

ALCAN

6056

<|»0.4eV

0<0.4eV **

mCi/g

Dominant Nuclides

Surface Gamma(R/h)
Field(thk=305mm)

Surface Gamma(R/h)
Field(thk= 5mm)

i mCi/g .

Dominant Nuclides

Surface Gamma(R/h)
Field(thk=305mm)

Surface Gamma(R/h)
Field(thk= 5mm)

<--Typical Values in CIRUS

260

3.53

3000

993

2.84

7700

1120

43

.403

Mn-54,

343

114

.342

898

131

3.5

.026

Fe-59, Co-60

22.2

7.35

.0393 ' .

Co-60, In-117

76.4

11.2

Components-->

1.2

0098 •

8.47

2.8

0264

41.2

6.02

.6

.0056

4.83

1.6

.0229

31.9

4.66

CD



Table-3: CIRUS Reactor: 30 Year 25d/5d Cyclic Operation
Individual Surface Gamma Radiation Fields for
various radiation cooling times

COMPONENTS IN AXIAL DIRECTION

Component

Base Plate

Bottom Thermal
Shield(Lower)

Bottom Thermal
Shield (Middle)

Bottom Thermal
Shield(Lower)

Bottom Thermal
Shield

Bottom Tube
Sheet

Top Tube
Sheet

Top Thermal
Shield

Top Thermal
Shield(Lower)

Tcp Thermal
Shield(Upper)

Material Thick(cm)

CarbonSteel 13.0

Cs.rbonSteel 29. 2

CarbonSteel 29.2

CarbonSteel 29.2

Aluminium 24.1

Aluminium 7.6

Aluminium 7.6

Aluminium 30.5

CarbonSteel 30.5

CarbonSteel 30.5

Surface Gamma Radiation Field (R/hr)

Tc=ly

0.093

0.782

5.12

33.5

340

974

571

272

31.8

4.15

Tc=2y

0.037

0.310

2.03

13.3

298

853

500

238

12.6

1.65

Tc=5y

0.003

0.022

0.148

0.972

202

579

339

162

0.922

0.120

Tc=10y

0.000

0.000

0.002

0.013

106

305

179

85

0.013

0.002

Note: To obtain radial average values , divide tabulated results by 1.7

6. A combination of these results is to be considered
suitably at various stages of the actual handling of these
componenets during decommissioning period, since the components
will have added radiation fields contributed from nearby
activated components.

It may be mentioned that the calandria tubes are permanently
rolled into the top and bottom aluminium tube sheets of the
calandria. Hence the surface radiation fields at the calandria
vessel surface (and other near by surfaces of structural
components) will have to account the additional radiation fields
from each calandria-tube surface sources. However these
radiation fields will be somewhat attenuated by the aluminium
wall thicknesses of other calandria tubes in the reactor vessel.

The calculation of the contributions to component
surface radiation fields is a complex geometric gamma radiation
attenuation problem, and is being separately attempted. However
it is possible to use simplified volume source approximation with
total dominant radioactivity levels present inside the calandria
volume, with a "source medium" made up of aluminium and void in
their volume proportions, to obtain an approximate estimate of
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Table-4:CIRUS Reactor: 30 Year 25d/5d Cyclic Operation
Individual Surface Gamma Radiation Fields for
Various Radiation Cooling Times

COMPONENTS IN RADIAL DIRECTION

Component

Central Thimble

Normal Calandri a
Tubes (Inner Core)

Large Calandria
Tube (Mid-Core)

Normal Calandria
Tubes (Outer Core)

Calandria
Shell

Side Thermal
Shield(Inner)

Side Thermal
Shield(Outer)

Material

Aluminium

Aluminium

Aluminium

Aluminium

Aluminium

Cast Iron

Cast Iron

Thick(cm)

0.635

0.159

0.238

0.159

0.635

15.0

15.0

Surface Gamma Radiation Field (R/hr)

Tc=ly

3620

905

1566

253

993

22

0.060

Tc=2y

3171

793

1372

221

870

8.5

0.024

Tc=5y

2154

538

932

150 •

591

0.247

0.001

Tc=10y

1133

283

490

79

311

0.009

0.000

Note: To obtain axial average values , divide tabulated results by 1.5

the calandria surface gamma field. For an estimated total
radioactivity of 2400 Curies in the calandria (>90% being Co-60),
the additional radiation fields is less than about 350 R/hr for a
radiation cooling time of one year.

7. While it may be possible to reduce this additional fields
due to calandria tubes by a factor of about 2 using mild steel
inserts to fill the calandria tubes, the surface radiation field
on the calandria shell will still be large at about 990 R/hr at
the end of one year radiation cooling. This scheme may however
permit an early schedule for initiating the decommissioning jobs.

8. Calculations were also done to obtain iterated values of
Tin for each(To,Tc) combination. Results show that the
value of Tm is strongly dependent on cooling time Tc and has
a weak dependence on irradiation time To. Hence an average
value of Tm was computed for different irradiation times To
(for each cooling time Tc). However for quick assessment of
the CIRUS component surface "̂  -radiation dose rates for radiation
cooling times more than one year, one can use the half-life of
Mn-54 {312.2 d) for Carbon Steel/Cast Iron components and the
half-life of C0-60 (5.27y) for ALCAN-6056 components along with
the results given in Table-3 and Table-4.

V. CONCLUSIONS

1. A computer analysis of the expected surface gamma radiation
fields in the various structural components of the 40 MW CIRUS
reactor, for long term cyclic mode operation has been done. The
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analysis uses multigroup neutron flux spectrum estimates for
the assessment of neutron activation of component elements
present in the structures.

2. In the 40 MW CIRUS reactor, the individual surface
gamma radiation fields after a 30 year irradiation period are in
the range 60 mR/hr - 35 R/hr in the structural carbon steel
components after one year radiation cooling. The dominant
nuclides contributing to the surface radiations are Mn-54 (Half-
life =312.2 d ) and Co-60 (5.27y).

2. The individual surface gamma radiation fields after a 30 year
irradiation period are in the range 272 R/hr - 993 R/hr in the
structural aluminium components after one year radiation cooling.
The dominant nuclides contributing to the surface radiations are
Co-60(Half-life = 5.27 y) and the. decay product In-117 (1.93 h).

3. While the in-core aluminium components with small wall
thicknesses have individual surface gamma radiation fields
varying in the range 253 R/hr - 3620 R/hr, their contribution to
structural component surfaces is estimated to be less than 350
R/hr. The dominant nuclides contributing to the in-core
component surface radiations are Co-60 (Half-life = 5.27y) and
the decay product In-117(1.93 h).

4. Several years of radiation cooling and remote handling
procedures will be necessary for initiating decommissioning jobs
for the structural components.
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Data Needs for Decommissioning

E. P. Lippincott

Introduction

The decommissioning of nuclear power plants involves converting the plant from an
operational status either to an interim configuration in which the radioactive components are
isolated from contact or back to a non-radioactive facility or restored area. In the latter case
it is necessary to dispose of all radioactive materials so that all exposures to residual
radioactivity are kept below acceptable limits for the general public. In the United States
these limits for additional radiation exposure (both internal and external) are a small fraction
of natural background.

In order to complete the decommissioning and remove all the radioactive materials, it is
necessary to use calculations and measurements to determine the best procedures to be used
to minimize exposure and accomplish the task economically. Planning is required to enable
the radioactive waste to be processed and properly disposed of at a waste repository. The
amount of material to be sent as radioactive waste must be determined. After completion
of the decommissioning, confirmatory environmental surveys must be carried out to prove
that the task has been successful in removing the radioactivity.

This paper describes the most important concerns that the author has encountered in the
planning for decommissioning of the Ft. St. Vrain graphite reactor and in disposal of PWR
components that undergo high irradiation.

Isotopes of Interest

The radioactivity that exists in a plant to be decommissioned can be considered in two parts
according to two different impacts. First are the isotopes that will cause external exposure
to personnel and which will therefore require either extensive shielding or remote handling.
The most important of these isotopes is Co-60 in almost all cases. The second consideration

is the long-term disposal. A number of isotopes with long half-lives can be a potential
hazard if they can enter the environment after many years when the radioactive hazard may
no longer be recognized. In the United States, these isotopes have been broken into two
classes depending on half-life and limits for these isotopes are used in classification of waste
in order to ensure minimal risk.

Possible major contributors to gamma radiation fields are listed in Table 1. For most
decommissioning projects, it can be assumed that sufficient time will have elapsed that the
short-lived nuclides will have decayed. Nuclides such as Mn-54 with half-lives to 1 year

65



Half-Life fvrt

0.19

0.85

5.3

13.4

8.5

20000

30

Gamma Energv (MeNO

0.8

0.8

1.3

1

1.3

.9

.66

Table 1

Significant Gamma-Emitting Nuclides

Nuclide

Co-58

Mn-54

Co-60

Eu-152

Eu-154

Nb-94

Cs-137

may still however be of enough concern to require evaluation. For time periods to about 50

years after shutdown, Co-60 is the major concern for activation. Fission products can also

contribute due to contamination, but for decay times of several years, Cs-137 will be the

only product of importance for typical cases of contamination. In some cases, however, the

decommissioning will occur after a much longer decay time. In these cases, the Co-60 will

be largely decayed and the dominant nuclides for gamma exposure arising from activation

could be Eu-154 (especially in concrete), and Nb-94 (in metals). Such long-lived isotopes

can also be of concern to address exposure in the far future to populations ignorant of the

presence of radioactivity, both for decommissioned structures and for waste repositories.

Nuclides of importance for waste disposal are listed in Tables 2 and 3, which are taken from

10CFR61 (US Code of Federal Regulations). Table 2 lists the very long-lived nuclides and

Table 3 gives the limits for intermediate length half-lives. These tables are used to classify

waste in three classes (A, B, and C) for low-level waste disposal and identify waste requiring

disposal as high-level waste (greater than Class C). Thus accurate calculation of these

nuclides is important to enable planning for proper disposal and to enable measured activity

levels to be used to determine total radioactive contents.

For stainless steel components, Ni-63 is usually the critical nuclide with Ni-59 and Nb-94

also requiring evaluation. For some alloys containing niobium, the Nb-94 may be the

dominant contributor. Other materials may be affected by the levels of the other nuclides

from these tables, such as C-14 in the case of graphite.

Material Compositions

To assess the nuclides in each component, the data for which improved accuracy will have

the largest impact is often not the nuclear data, but rather the material composition. In
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Table 2

TABLE 1 OF 10CFR61.55 WITH CLASS A LIMITS INCLUDED,1

Concentration, Curies/Cubic Meterb,c

Radionuclide

1 4 C

l4C in activated metal

59Ni in activated metal

^Nb in activated metal

"Tc

!29j

Class A

0.8

8

22

0.02

0.3

0.008

Class C

8

80

220

0.2

3

0.08

Alpha emitting transuranic nuclides

with half-life greater than five years

241pu

M2Cm

10(d)

350(d)

2000(d)

100(d)

3500(d)

20,000(d)

a. There are no Class B limits for these nuclides. Wastes are either Class A, Class C,
or non-acceptable for near-surface disposal.

b. 1 Ci/m3 = 1 /iCi/cm3

c. The sum of the fraction of the limits for these nuclides cannot exceed 1. The fraction
of the limits must all be taken from the same column in this table.

d. Units are nanocuries per gram (10'3 /xCi/g).

particular, the cobalt or europium in the material is usually only present in trace amounts and
in many cases has not been measured. Thus characterization of reactor materials to
determine exact compositions is needed and the recognition of this fact should be used to
justify measurement of this data for new plants and replacement components, and to obtain
such data on existing plants and components when possible.
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Radionuclide

Total of all nuclides with

year half-life

3H

"Co

63Nj

63Ni in activated metal

^Sr

137Cs

Table 3

TABLE 2 OF 10CFR61.55

Concentration, Curies/Cubic

Class A

less than 5
700

40

700

3.5

35

0.04

1

Class B

c

c

c

70

700

150

44

Meter"'"

Class C

c

c

c

700

7000

7000

4600

a. 1 Ci /m 3 =l /iCi/cc

b. The sum of the fraction of the limits for these nuclides cannot exceed 1. The fraction
of the limits must all be taken from the same column in this table.

c. There are no limits established for these radionuclides in Class B or C wastes.
Practical considerations such as the effects of external radiation and internal heat
generation on transportation, handling, and disposal will limit the concentrations for
these wastes. These wastes shall be Class B unless the concentrations of other
nuclides in Table 2 determine the waste to the Class C independent of these nuclides.

Activation Cross Sections

The evaluation of quantities of radioactive materials depends directly on the neutron fluence
and the activation cross section. In most cases the isotopic cross section of most importance
is that for thermal neutrons, and these cross sections are generally among the better known.
This does not mean that improvements in cross section data are not needed, however,
especially for the target nuclei that have relatively low isotopic abundance (such as Ni-62).
In addition, in some cases the resonance contribution can be of importance to add to the
thermal activation. In a few cases fast neutron cross sections must be known in order to
evaluate the activation due to threshold reactions (as, for example, the production of Mn-54).
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Neutron Transport Cross Sections

The cross sections that are important for accurately calculating the fluence in all the reactor
structures and materials are not at all the same as those for activation. In many cases the
high energy cross sections are most important for calculation of neutron escape from the
reactor core and out to the surroundings. For most applications, these cross sections are the
same ones that are being investigated in order to improve calculations for other reasons, as,
for example, to determine reactor vessel fluence in PWRs to evaluate the steel embrittlement.
Thus, the neutron transport cross sections and calculation methodology have a body of
measurement data available for benchmarking the accuracy of the results. However, the
main thrust of these benchmarking efforts have been to determine the damage-causing
neutrons at high energy, and not nearly as much attention has been given to the thermal
neutron flux. As already stated, the activation is mostly thermal, and activation in concrete,
for example, will depend on both the deep penetration of fast neutrons and the equilibrium
thermal flux arising from these neutrons.

Methodology Improvements and Benchmarks

As mentioned just above, the methodology has been tested and benchmarked to a great
extent, but further work to ensure adequate activation calculations is necessary. This
includes the investigation of the adequacy of methods of thermal flux calculation and the
adequacy of deep penetration calculations. The ultimate test of the calculational adequacy
is the ability to predict results in standard reference fields and also to predict results in actual
plant situations. As more plants reach the decommissioning stage, the availability of a body
of pertinent data for benchmarking calculations should improve. A good set of benchmark
data should allow for testing the accuracy of both the calculational methodology for
activation and the activation cross sections themselves.

Radioactivity Transport

Another concern for the determination of the distribution of radioactivity is the fact that some
of the radioactivity may be mobile. The best example of this is tritium, which can diffuse
throughout the plant. In particular, if tritium is present in any quantity in concrete
structures, its ultimate location may be very different from where it was created. Data on
diffusion of tritium in concrete gives a range of values of the diffusion coefficient that spans
several orders of magnitude and the concrete composition variables that might give rise to
this variation are not clearly known. While this aspect of the problem is not related to
nuclear data uncertainties, it can have an important impact on decommissioning planning.

Transport of fission and activation products also occurs in primary coolant systems, and the
radioactivity may be carried into other systems throughout the plant. Handling of resultant
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surface contamination will be an important part of the decommissioning process and

therefore data on isotope transport and effects of water chemistry on transport are important

for plant decommissioning as well as operations.

Ft. St. Vrain Results

The Ft. St. Vrain reactor is a 330 MWe high temperature gas-cooled reactor (HTGR). It

operated for a total of about 2.4 effective full-power years during the period from 1974 to

1989. Decommissioning concerns center on the removal of the graphite reflector, poison

elements, steel liner, and prestressed concrete pressure vessel. Activation of all components

was evaluated using one dimensional transport calculations and the results indicate that the

major radioactive isotopes remaining at this time are Fe-55, tritium, and Co-60. The major

amounts of these are contained in the metal poison elements that were used to limit the

escape of thermal neutrons from the reflector region to the vessel, and in the reflector

graphite. This graphite is of lower purity than that used in the core region and contains

significant (from an activation standpoint) amounts of iron, cobalt, and lithium impurities.

At present, the calculated activation inventory is being used to determine handling procedures

for removal of the radioactivity and disposal as radioactive waste. Until the

decommissioning process is actually started it is not possible to make actual measurements

to determine the accuracy of the calculations. This results in the necessity to allow

contingency for higher activity levels which, in some cases, results in higher costs. At this

time the uncertainty in the calculated results is dominated by the large uncertainty in the

graphite impurities of lithium, cobalt, and iron.

Conclusions

Improvement in analytical prediction of radioactive distributions in nuclear facilities is

needed to allow for better decommissioning planning and reduced costs of decommissioning.

In many cases, improvements in nuclear data will improve the accuracy of such predictions,

but improvements in data on material compositions or radioactivity transport may be of equal

or greater importance. Data on activation of the isotopes of primary interest for both

personnel exposure and waste disposal should be gathered and used to benchmark the

calculational methodology and activation cross sections.
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ESTIMATION OF THE RADIONUCLIDE INVENTORY OF
THE WINDSCALE ADVANCED GAS-COOLED REACTOR

MT CROSS, AEAD&R
R F BURSTALL, AEA RS
DCKING, AEARS
SJWALL, AEARS

This report was prepared as an account of work carried out by the United Kingdom
Atomic Energy Authority (UKAEA) in accordance with the DRAWMS Programme
Letter acting through AEA 'Decommissioning & Radwaste' and covering
Decommissioning Development

SYNOPSIS A key aspect in the planning and detailed implementation of decommissioning strategies
for nuclear plant is a knowledge of the activation of the constituent materials. The extent and
levels of activation controls the quantities of materials requiring ultimate disposal which are
within the categories whose limits have been set by the licensing authorities. This paper
describes the methodologies adopted to provide a definitive inventory of radionuclides for the
Windscale Advanced Gas-Cooled Reactor (WAGR).

1. INTRODUCTION

The planning and implementation of decommission-
ing strategies for nuciear facilities requires
knowledge of the activation and contamination
fields which have arisen during operations.

For the Windscale Advanced Gas-Cooled
Reactor (WAGR), the principal component of the
radioactive inventory is the activation of the
materials of construction. Activation arises
from the neutron reactions within these
materials. In many cases, trace elements,
present only in minute amounts, are important
since their presence can control both the short
term handling operations and longer term
disposal options. Hence the degree of
activation affects the design of equipment and
procedures to be used for dismantling operations.
The extent and levels of activation control the
quantities of materials requiring ultimate
disposal which are within the categories whose
limits have been set by the licensing authorities

Contamination fields within WAGR have been
estimated to contribute less than 0.1Z of the
total inventory and arise from fuel and fission
product releases which occurred during
operations. Although this is a minor contribu-
tion, the extent of the contamination fields
will be monitored as decommissioning proceeds
(see Section 4.1)

The remote phase for the dismantling of
WAGR will generate large quantities of
Intermediate Level Waste (ILW). In preparation
for this phase of the work, an inventory of
radioactive materials has been derived primarily
by calculations using a computer model. Samples
of various constructional materials which make
up the reactor structure have been taken for
radioactivity analyses and comparisons with the
results obtained from the modelling codes. The
objectives of the work can be summarised as:

(a) To enable waste quantities to be estimated
and classified according to the Categories
VLLW, LLW and ILW.

(b) To define the boundaries between the waste

categories in order to prevent over
categorisation and hence control waste
disposal costs.

(c) To use the radioactive materials inventory
to determine radiation fields in order to
classify the stages of operational decomm-
issioning, ie. as remote, semi-remote or
manual operations.

(d) To define the nuclides in the waste which
are important for operations (handling),
transport and disposal.

During the operational phase of ILW
production there is a need to ensure that the
wastes meet the regulatory requirements for
handling, transport and disposal. In support of
this, systems are being developed to enable the
on-line and off-line assay of wastes (see
Section 4).

In summary, this paper takes as its basis
the recent calculations that have been made of
the activities of the components of the
defuelled WAGR core structure and containment.
Earlier work, over a decade ago, provided
valuable information in drawing up the overall
decommissioning strategies for WAGR and formed
the basis of the early decommissioning plans.
As the planning has developed and the work has
progressed, more detailed information over a
wider range of nuclides and plant components has
been required. This has been supported by the
programme of sampling work designed to evaluate
activities at specific plant locations. Early
calculational models used an adjusted diffusion
method for calculating the spatial distribution
of neutrons as a precursor to the activation
calculations. This approach has now been
superseded by implementing an internationally-
used neutron transport code, ANISN, (1) to
calculate the neutron fluxes together with a
flux processing program to provide component
activations from the appropriate irradiation
history. The methodology together with assess-
ments of the results obtained in recent sampling
programmes are described in the following
sections.
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2. ACTIVITY CALCULATIONS

The calculations of neucron induced activities
required, as a first step, a knowledge of the
spatial and energy distribution of the neutron
flux through the system. The neutron flux is
then used to determine the individual reaction
rates of the parent nuclides whose daughters
give rise to the activations. These reaction
rates are then used to obtain the level of
activity per unit weight of parent element accor-
ding to the reactor irradiation history and
subsequent decay time. The final stage is the
calculation of the component activity from the
'known' concentration of the parent elements in
the material from which the component is
manufactured together with the mass of the
components. 'Known' means average values
obtained in the course of the composition
sampling (see Section 3) programme or inferred
from this or other relevant information.

2.1 Neutron Flux

The spatial and energy distribution of the
neutron flux has been calculated using the
one-dimensional ANISN neutron transport code
together with the CASK, 22 neutron energy cross
section data set (2). In the radial direction,
a cylindrical model was employed from the
reactor core out to the outer surface of the
concrete biological shield. In the axial
direction a slab representation was used from
the base of the bottom biological
shield up to the refuelling floor. The reactor
core was modelled as consisting of 21 pin, 2.5Z
enriched U02 clusters with a total uranium mass
of 11.5 te. Uranium oxide, stainless steel
cladding, tie bars, fuel support grids and
graphite moderator were smeared homogeneously in
the core region. Other materials, in general,
were smeared within regions although most steel
plates have been represented explicitly. Other
models were set up to cater for specific
features such as the pressure .loop tubes (used
for experimental purposes) and core restraint
bands.

A problem particular to gas-cooled reactor
flux calculations is the importance of neutron
streaming in void regions. The WAGR has many
such regions running principally in the axial
direction. Early experimental and theoretical
shielding studies of WAGR showed that calcula-
tions in which the neutron shield above the core
is homogenised (as in the present calculations)
underestimated the flux beyond the shield by
several orders of magnitude. The effect of
neutron streaming in the present calculations
has been modelled approximately by reducing the
densities in the homogenised region in and above
the neutron shield to force agreement with
experimentally measured reaction rates.

The magnitude of the average neutron source
density in the reactor core during its period of
power operation was obtained from the mean power
density knowing the thermal energy released per
fission and the mean number of neutrons produced
per fission. The source neutrons have a standard
fission spectrum of energies. The spatial
distributions of the source for the radial and
axial directions were based on averaged measured
power distributions.

2.2 Activity

The neutron reactions leading to the neutron
induced activities of interest are given in
Table 1:

Where the production route to the
activation is straightforward and direct as is
the case with most of the nuclear reactions
considered, the activations are calculated by
first obtaining the reaction rate and then using
the standard textbook equations given, for
example, in The Nuclear Engineering Handbook by
Etherington (3), to evaluate the daughter
nuclide activities taking account of burnup and
decay of the parent and daughter nuclides and
the irradiation and decay times. A computer
program has been written to carry out this
computation. It takes as input the ANISN, 22
group fluxes and multiplies them by the 22 group
activation cross sections of the parent nuclides
to obtain the parent nuclide reaction rates.
The natural abundance of the parent nuclide in
the parent element is used to obtain the
activation in becquerels per unit weight of
parent element for each activation in each mesh
region. Individual component activations are
obtained by spatially averaging the activation
over the mesh regions assigned to the component
and then multiplying this by the mass of the
component material. The masses of the
components were available from an earlier study.
Where the activity is produced by more complex
routes such as occurs for europium in the
graphite and concrete regions, the FISPIN code
(4) has been used. Three group flux spectra
required for FISPIN were obtained by condensing
the 22 group fluxes to 3 groups and then
spatially averaging them over the region (or
component) of interest.

The results obtained for WAGR are
summarised in Tables 2 & 3.

Table 2 gives the summary of waste
quantities with reference to the various
material types and indicates a total inventory
of 3.30 x 103 TBq at 12 years after shutdown
(1993) assuming the reactor operated uniformly
at 80 MW for 18 years - this leads to an
irradiation very close to the 525 GWd logged at
the final shutdown of WAGR. A breakdown of the
inventory against radionuclides of importance is
presented in Table 3. It may be noted that two
of the major contributors, Fe-55 and Co-60, will
decay rapidly since they have relatively short
half lives of 2.7 and 5.3 years respectively.
After several decades, Ni-63 with a half life of
96 years will then dominate.

3. SAMPLING OF MATERIALS FROM THE WAGR
STRUCTURE

A programme for sampling the active materials
which make up the structure of the WAGR was
formulated in the mid 1980's. The objectives of
the programme are summarised as:

(a) To provide data on the bulk elemental
compositions of all the major material
types ie. steels, graphite, concrete and
insulation as basis input data for the
modelling codes described in Section 2.

(b) To identify those trace elements present in
the materials which will, after neutron
activation, need consideration during
decommissioning with regard to handling,
transport and disposal.

(c) To provide nuclide activities by direct
measurements of samples and hence allow
direct comparisons to be made with the
results obtained from the computer models.
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TABLE 1 Nuclear reaction considered

Parent
Nuclide

Li-6
C-13
N-14
Cl-35
Ca-40
Fe-54
Mn-55
Fe-54
Ni-58
Ni-62
Co-59
Nb-93
Mo-94
Nb-93
Eu-151
Eu-152
Eu-153
Eu-154

Nuclear
Reaction

n,a
n,Y
n,p
n,Y
n,Y
n,p
n,2n
n,Y
n,Y
n,Y
n.Y
n,Y
n,p
n,n:Y
n,Y
n,Y
n.Y
n,Y

Daughter
Nuclide

H-3
C-14
C-14
Cl-36
Ca-41
Mn-54
Mn-54
Fe-55
Ni-59
Ni-63
Co-60
Nb-94
Nb-94
Nb-93m
Eu-152
Eu-153
Eu-154
Eu-155

Half Life
of daughter

(yrs)

12.3

"J 5.73E3
3.01E5
1.0E5

1 n RI^
! \JrOJJ

2.7
7.5E4

96
5.272

1 2.0E4
13.6
13.4
•
8.5
4.73

Abundance of
Parent Nuclide in
Parent Element (%)

7.5
1.1

99.6
75.77
96.94
5.8

100
5.8
68.27
3.59

100
100
9.6

100
47.8
0

52.2
0

E3 ix 103

ffi. Other reactions in production of Europium particularly chain absorptions
in Samarium 149, 150, 152 are included.

TABLE 2 Smeary of WAGS waste quantities at 1993

Material

Mild Steel

Stainless
Steel

Graphite

Insulation

Concrete

Waste
Category

at 12 yr decay

LLW
ILW

LLW
ILW

LLW
ILW

LLW
ILW

de rainimis
LLW
ILW

Mass (te)

200
533

18
29

73
210

10
9

1911
1297
302

Mean specific
activity
GBq/te

4.00E-1
3.19E3

5.23E-2
5.38E4

5.92E-1
1.94E2

1.81E0
2.16E1

2.46E-5
1.10EO
3.66E1

TOTAL

Total
Activity

TBq

7.99E-2
1.70E3

9.41E-4
1.56E3

4.32E-2
4.07E1

1.81E-2
1.94E-1

4.71E-5
1.43E0
1.11E1

3.30E3TBq

3.1 Steels

Steels are the most highly activated materials
in WAGR and hence present the greatest
difficulties for removal and subsequent
analysis. Compounding these problems is the
large measured variability in the trace element,
cobalt, which after activation controls the
short term gamma radiation field. Values of
parent cobalt (Co-59) in mild steels obtained
from WAGR vary in the range 30-300 ppm and for
stainless steels between 180-3200 ppm indicating
the uncontrolled nature of this element in the
source steels. It is the consequent level of
Co-60 and ensuing gamma radiation fields which
control the dismantling philosophy adopted in
the project. With hindsight, steels for use in
nuclear reactors should be selected for minimum
cobalt impurity levels where this is not
required for metallurgical purposes in order to
assist in future decommissioning!

Steels removed from WAGR have been from one
of four sources:

(a) Pressure vessel 'top dome1

(b) Pressure vessel at mid-plane, maximum flux
position

(c) Pressure 'loop, tubes within the reactor
core

(d) Bioshield concrete reinforcing bars

Early samples taken from the cop dome were
of very low activity (0.037 GBq/te) and used to
prove the sampling and analysis methodologies.
Particular emphasis was placed on the prevention
of cross-contamination of the steel samples by
the sampling technique. Experience has taught
us that normal high-speed and tungsten carbide
tools contain sufficient alloyed cobalt to
generate wear particles which readily mask the
effects being measured. Following this early
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TABLE 3 Nuclide activities -l—nl
over all components at 1993

Nuclide

H-3
C-14
Cl-36
Ca-41
Mn-54
?e-55
Ni-59
Co-60
Ni-63
Nb-93m
Nb-94
Eu-152
Eu-154
Eu-155

Activity
TBq

hh

it.

0.
0.
0.

1858
6.

692
698
0.
0.
1.
1.
0.

7
088
121
004

8

168
042
12
39
37

TOTAL 3306TBq

Note: Tables 2 and 3 assume WAGR operated over
18 years at an average power level of 80 MW
thermal followed by 12 years decay.

work, samples from the stainless steel pressure
loop tubes have been removed using a remote
sampling device. These samples represent the
highest activity materials in the reactor
structure; remote handling techniques were
required to analyse the few tens of milligrams
of sample at activities of up to 1.5 x 10

6

GBq/te. Special tooling was employed to prevent
cross contamination of the small samples
obtained and minimise radiation dose to the
operators.

Sampling work has now continued with the
removal of samples from the reactor pressure
vessel at mid-plane height. A long-reach drill
system was deployed via access holes in the
concrete bioshield to remove a series of samples
for elemental and radiometric analysis.
The sampling studies on steels have underlined
the importance of trace cobalt activation during
dismantling. Although Fe-55 provides the
highest contribution to the overall activity for
steels, trace cobalt provides around 30Z of the
total steel activity at the start of active
operations (1993).

3.2 Graphite

During the operation of WAGR, core samples of
graphite were removed for archive purposes.
Analyses of these cores have been undertaken and
have shown reasonable agreement with the results
of the computer modelling work. It has not been
possible to sample the graphite blocks which
make up the neutron shield; however, modelling
studies indicate that this material
(approximately 70 tonnes) is well inside the LLW
category (0.6 GBq/te). In contrast, sampling
work has confirmed predictions that all core
graphite will be ILW (ie > 12 GBq/te Bγ) and
hence will require disposal in concrete waste
boxes to the Nirex repository. Unlike steels
where the major contribution to the overall
activity is from Fe-55, in the case of graphite
it is the activation of trace impurities which
dominate the overall activity. Analytical work
on activated core graphite has shown that
lithium and nitrogen impurities which activate
subsequently to H-3 and C-14 control the
graphite activity. Further, the activation of

trace cobait is important from the viewpoint of
handling. The presence of trace calcium and
chlorine which activate to Ca-41 and Cl-36 are
important for disposal due to their long half-lives

3.3 Concrete/Insulation

The WAGR bioshield is constructed from 4,600 te
of reinforced concrete. During the latter
stages of decommissioning following core
removal, it is planned to remove the bioshield
and return the site to 'green field

,
 status.

In preparation for this work, a series of con'
crete cores have been taken to provide materials
for analysis. A range of analyses has been
conducted to provide input data for the
modelling codes on bulk constituents and the
trace elements thought to be important. At this
early stage in the work, emphasis has been
placed on identification of those regions of
highest activation in the bioshield structure so
that the wastes can be adequately categorised
and the dismantling strategy planned. Results
obtained from a series of cores removed from the
'mid-plane' region (the point of maximum neutron
flux on the reactor axis) have indicated that
the major activities are due to H-3, Co-60 and
Eu-152. Although the computer model predicts
significant levels of Ca-Al from activation of
the bulk constituents (25Z calcium is present),
H-3 dominates the overall inventory and results
from the activation of, on average, 13 ppm of
lithium in the source materials. Again, the
importance of trace elements in determining the
overall inventory has been underlined. The
early results suggest that a limited tonnage of
WAGR concrete will be categorised as ILW.
However, much further work is necessary, based
on a statistical approach to sampling, to enable
the scope of present results to be qualified.

Insulation materials which back the
pressure vessel are composed of a mixture of
refractory materials, magnesia and
'Meta-dextramite' amounting to some 50 m

3
 in

volume. A special coring tool has been used to
remove samples from these friable insulation
materials for analysis. Analytical work is
currently in progress to substantiate the
results of modelling which indicate the
insulation to be ILW due to H-3 content.

3.A Comparisons Of Measured Activities With
Those Obtained Using The Computer Model

Comparisons of calculated and measured activi-
ties have now been made for steels, graphite and
concrete. For graphite, the radially averaged,
mid-core height activity calculated for Co-60 is
around threefold lower than the average measured
values. Similar levels of scatter occur for
other elements of interest notably H-3, C-14 and
Eu-152. Considering the uncertainties both in
the modelling work and in the analyses such
agreement is thought acceptable. Better
agreement has been obtained between theory and
practice for steels and concretes where twofold
differences are not uncommon.

In general these comparisons are
encouraging and suggest that the calculational
model is producing reasonable estimates of
component activities. The high costs of
obtaining samples and performing analyses
preclude extension to the present database for
steels and graphites. However, additional work
will be conducted to categorise bioshield
concrete in some detail. More data will become
available during the remote dismantling phase
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post 1992 when material samples will be taken as
-part of the waste categorisation process using a
purpose-built sampling cell (see Section 4).

4. ASSAY 0? HASTES

During the production phase for ILW it will be
necessary to assay wastes to ensure compliance
with Quality Assurance standards set by the
Department of Transport for consignments of
radioactive materials and those set by Nirex for
disposal of wastes to the repository. Provision
for assay of wastes from WAGR has been
engineered into the Waste Packaging Building
(WPB) to enable both on-line and off-line
estimations of radionuclide inventory. The
methodology relies on the quantification of the
levels of parent Co-59 and Co-60 in wastes as a
'marker nuclide' to determine the levels of
neutron irradiation experienced by the waste
materials. Since low energy g emitting and
electron capture nuclides provide some
difficulties for direct estimation, cobalt
isotopic ratios obtained by analysis of
materials samples will be used as neutron flux
indicators to enable estimations to be made for
Cl-36, Ca-41, Fe-55, Ni-63 and Nb-94 in the
various materials. For steels, assay problems
are alleviated by the presence of relatively
high levels of Co-60 which enable measurements
by on-line radiometric techniques. These are
described in some detail below.

A.I On-Line Assay

For steel wastes a method is required to provide
a rapid determination of the bulk Co-60 activity
of the waste items. The problems of performing
such measurements are manifold. Firstly, any
such system must cope with a wide range of waste
item geometries and secondly, variations in
activity across the wastes must be accomodated
eg. hotspots. The adopted approach has been to
take a series of gamma dose rate measurements
using ion chambers positioned around the waste
item and then, using a secies of computer codes,
estimate the source terms necessary to produce
these dose rates. The system is illustrated
schematically in Figure 1. Three variants of a
code designated, WEST, have been developed to
cope with the range of waste item geometries to
be encountered ie. plates, basketted
miscellaneous steel items and cylindrical tubes.

For the purposes of running the WEST codes,
the data logging system for the WAGR project has
been extended to include the necessary input
data to support the codes ie. dimensions and
weight of waste item, ion chamber measuring
postions and dose rates, parent element concen-
trations, irradiation and cooling times.

As an example of the assay process, the
code WESTE for plate geometries, requires eight
input dose rates at different positions, with
four of these on each side of the plate. This
enables the variation in activity across, as
well as through the plate to be integrated.
Assessments of the performance of the code have
been made against a standard shielding code both
for a flat steel plate and for curved plates
with the same radius of curvature as the reactor
pressure vessel. Agreement has been within a
few percent in all cases although these are
somewhat idealised tests. Further experimental
testing and calibration trials are now underway
using a matrix of Co-60 sources to model a range
of waste items. To facilitate this testing, a
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FIGURE 1 ON-LINE ASSAY FOR BULK GAMMA
ACTIVITY DETERMINATION

rig has been constructed which simulates the
measurement station in the WPB.

The relatively simple technique described
above has two major complicating factors, the
first of these is that Cs-137 surface
contamination also gives rise to a gamma
contribution; the second is that beta activity
cannot be easily measured and so must be
calculated in order to obtain the total activity
of the item. Caesium contamination can be
corrected for by using surface activity data
obtained by gamma spectrocopy. The beta
activities are determined from neutron flux
estimations, cross sections and composition data
as described above.

4.2 Off-Line Assay

The WAGR WPB provides for removal of small
samples of waste materials for off-line
assessment. A Materials Sampling Station (MSS)
has been incorporated which is essentially a
small "hot cell" containing remote tooling
supported by conventional manipulators. A
multi-purpose sampling rig containing drilling
equipment and a variety of devices for gripping
a range of waste items is being tested prior to
remote deployment. Gramme sized samples can be
produced from a variety of materials and these
will be transfered to an analysis laboratory via
a sealed container using a shielded posting
system. The principal purpose of such
investigations will be to determine the level of
parent cobalt in wastes (in support of neutron
flux determinations) and to provide 'bench mark'
calibration data on key nuclides to quality
assure data being generated by on-line means.
Data generated in this way will be stored on the
WAGR data logger and used to produce the
certifications required by the regulatory
authorities prior to waste acceptance. An
important element of the overall assay process
will be the ability to store material samples
removed via the MSS in an archive store for
reference purposes. This store, currently being
finalised in design, will use a matrix of cells
within the confines of a standard WAGR waste box
to accommodate a full range of material types.

S. CONCLUSIONS

The work conducted to date on the assessment of
the radioactive inventory for WAGR has indicated
that the estimates made using the modelling
codes are in general agreement with the results
of the sampling studies; however, sensitivities
in the data are evident particularly in respect
to the levels of impurities present in the
original plant components.

As more data becomes available during the
production phase of ILW it will then be possible
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to make much more rigorous assessments of the
-accuracy of the modelling codes in predicting
radioactive inventories in activated structures.
In the meantime it can be stated with some
confidence that the current modelling codes will
predict the quantities and categories of wastes
for the forward planning of dismantling work and
disposal purposes. This, in turn, will lead to
less reliance being placed on expensive sampling
studies.

The inventory programme has been successful
in identifying the key nuclides which are
important for reasons of handling, transport and
disposal. Furthermore, methodologies have been
developed which will allow the estimation of
these important nuclides during the operational
phase of ILW production. This is essential to
ensure compliance with the acceptance criteria
of a future UK waste repository.
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ACCURACY VERIFICATION FOR CALCULATION OF INVENTORY

IN JPDR DUE TO NEUTRON ACTIVATION

NOBUO SASAMOTO, TAKENORI SUKEGAWA

Japan Atomic Energy Research Institute,

Tokai-mura, Ibaraki, 319-11, Japan

INTRODUCTION

The Japan Atomic Energy Research Institute (JAERI) has been conducting a

decommissioning program of the Japan Power Demonstration Reactor (JPDR) since 1981.

The program aiming to provide technical data for future decommissioning of commercial

reactors involves a study of radioactive inventory estimation within reactors based on both

calculations and measurements.

Then, in order to establish inventory estimation techniques, a calculational code

system has been developed mainly consisting of transport calculation codes. Its validity has

been verified through comparison of the calculations with the systematically measured

inventory in JPDR. Measurement of radioactivities from the neutron activated elements

were made vertically and horizontally at the reactor shroud, reactor vessel and biological

concrete shield.

The purpose of the present paper is to present the outline of the code system and

to verify the accuracy of it. The paper summarises the results of the accuracy estimations

ever carried out, a part of which are already published.1*

OUTLINE OF JPDR

Figure 2.1 presents a reactor enclosure building of JPDR, which is a direct-cycle, forced

circular BWR with a nominal power output of 90 MWt. Ever since its first criticality was

attained in August 1963 as a first power reactor in Japan, JPDR had been operated for

the purpose of demonstrating electricity generation, and also for fuel irradiation test and

research of a power reactor characteristics, etc. Because of these multi-purpose operation,

its operational history was very complicated in variation of both operation power and time

spans of irradiation and cooling down, as compared with commercial power reactors.

Besides, the reactor was once made reconstruction during its lifetime in order to increase

its power. The reconstruction made the operational history and radiation source within the

core further complicated. It was finally shut down in March 1976 with total reactor

thermal output of 21,500 MWD.
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CODE SYSTEM FOR INVENTORY CALCULATIONS

Figure 3.1 shows a flow diagram of the code system specifically designed for calculating

inventory involved in JPDR. It consists of a nuclear data processing block with AMPX-

II,2) a radiation transport calculation block involving ANISN3) and DOT-3.54) and an

activation calculation block with DCHAINMD.5) The neutron transport cross sections are

taken from ENDF/B-FV and neutron activation cross sections are mainly taken from

ENDF/B-IV, partly supplemented by JENDL-2.^

Based on ENDF/B-IV, 208 group infinite dilution neutron cross sections for 34

nuclides has been generated with AMPX-II using a weighting function of [fission + 1/E

+ Maxwellian] spectrum. The energy group structure above 1.86 eV follows that of

VITAMIN-C7, and below there follows that of M G O A Doppler broadening effect was

taken into account up to 1200° K for the nuclides at the reactor core. Ps approximation

was applied for the energy region of fast and epi-thermal neutrons and P3 for thermal

neutrons. Then the 208 group library was collapsed to generate effective 48 group neutron

cross section library taking account of self-shielding factors generated with PROF-

GROUCH-GII.9) Then using these data, one-dimensional neutron transport calculations

with ANISN were made to obtain regionwise 7 group neutron cross sections for DOT

calculations. Energy group structures employed are summarised in Table 3.1

The activation calculation code DCHAINMD is backed up by the similar worldwide

code ORIGEN-JR.10) The major difference between them comes from treatment of one-

group activation cross sections. While in ORIGEN-JR, one-group data are generated using

3 group neutron spectrum index, assigned by users, while in DCHAINMD they are

obtained by averaging 7 group activation cross sections using space-dependent 7 group

fluxes calculated with DOT-3.5.

CALCULATION OF INVENTORY

CALCULATIONAL PROCEDURE AND CONDITIONS

In order to estimate the inventory in the reactor components and biological concrete shield

of JPDR, neutron flux distribution was calculated with DOT-3.5 using P3-S48

approximation. This approximation is generally acceptable for the calculation of large scale

geometries except for the region where radiation streaming plays an important role.

The JPDR configuration was modeled by a two-dimensional cylindrical geometry;

that is, the reactor core was modeled by a cylinder with equivalent diameter and the outer

layers were modeled so that their radial widths were preserved. The whole calculational
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Table 3.1 Energy group structures of 48 group library for ANISN

and of 7 group library for DOT-3.5.

group
no.

1

2

3

group
no.

1

2

3

4

5

6

7

8

9

1 0

1 1

1 2

1 3

1 4

1 5

1 6

1 7

1 8

1 9

2 0

2 1

2 2

2 3

2 4

2 5

Upper energy
(eY)

1.733EI7

1.492EU

1.419E17

1.350EI7

1.000EI7

7. 408Et6

6. 065E+6

4. 9E6E+6

4. 066EJ6

3.679EI6

2.725E(6

2.365E»6

2.307E4B

2.231EI6

1.653E16

I.3S3EI6

8.629E+5

8.208E+5

7.427E<5

6. 08IE+5

4.979E15

3.688EI5

2.985E15

2.972E15

1.832EI5

group
no.

4

5

6

7

group
no.

2 6

2 7

2 8

2 9

3 0

3 1

3 2

3 3

3 4

3 5

3 6

3 7

3 8

3 9

4 0

4 1

4 2

4 3

4 4

4 5

4 6

4 7

4 8

Upper energy
(eY)

1.I11E<5

6. 738EM

4. 087E44

2. 479Et4

2. 358E+4

t. 503E+4

9. 119E<3

5.531EJ3

3.355EI3

2.035EI3

I.234E43

7. 485E+2

4.540E42

2.754E42

I. 670E+2

1.0I3E42

4. 144 EM

3.727EU

1.068EI1

1.855

. 4.140E-1

4.452E-2

3.341E-3
(3.310E-5)

geometry extends to 3.25m in the radial direction and to 12.7m in the axial one. Material

composition of the reactor core was homogenized and the core was axially divided into

3 zones taking account of axial void distribution within the core, while the radial one was

assumed to be uniform. The whole configuration was vertically divided into 6 subregions

in order to partition them fine enough to assure accurate calculation with bootstrap method.

In order to generate regionwise 7 group cross sections for the DOT-3.5 calculation,

48 group effective cross sections were collapsed using regionwise neutron spectra obtained

by ANISN with P5-S8 approximation.

As an example of the DOT calculation, in Fig.4.1 is presented a contour map of

thermal neutron fluxes of which contributions are the most important to radioactive
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Fig.4.1 Contour map of thermal neutron fluxes in JPDR,

calculated with DOT-3.5.

inventory. As shown in the figure, the contour lines in the biological shield are nearly

parallel to the vertical surface of the shield, being caused by the neutrons vertically

streaming through the reactor cavity between the reactor vessel and biological shield.

Specific activities of inventory were calculated with DCHAINMD using the DOT

calculated neutron fluxes based on the assumed operational history of JPDR. Being very

complicated, the true operational history was modeled, as given in Fig.4.2, by 12 steps of

operation and shutdown periods together with respective reactor powers. For some

restricted cases, ORIGEN-JR was also used for the activation calculations for the purpose

of comparing them with those by DCHAINMD. Material compositions employed for the

calculations are given in Table 4.1. Since impurities (trace elements) play the most

important role in inventory estimation, the measured contents of them were preferentially

used in the present calculations.
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Fig.4.2 Operational history of JPDR. JPDR before and after the reconstruction

are assigned as JPDR-I and JPDR-II, respectively.
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Fig.4.3 Radial distribution of ^Co activity within the reactor vessel.
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Table 4.1 Nuclide contents of structural materials and impurities

used in the calculations.

Item

11 X

Na- X

Hg X

Al X

Si X

S X

X X

Ca X

Ti X

Cr X

lln X

Fe X

Ni X

Cu X

Co ppn

Zn ppm

Nb ppa

llo ppo

Sn ppn

Sb ppm

Cs ppo

Ba ppm

So ppm

Eu ppn

Ho ppa

II f ppo

Core internals

Core shroud

SUS 27

0.05

0.83

0.006

19.3

1.6

70.7

9.2

0.11

1300

1900

50

Reactor vessel

Clad

AST1I-A167

0.02

0.88

0.005

18.6

1.2

71.4

9.8

0.09

1200

2800

30

Basic material

ASTK-A302B

0.29

0.074

1.3

97.4

0.55

0.16

200

1200

180

50

Biological shield

Concrete

Ordinary concrete

0.59

1.4

0.6

5.1

32.6

0.13

1.6

7.2

0.14

0.015

0.041

1.9

0.0013

0.0016

6.2

69.2

12.0

2.0

2.0

3.0

2.0

400

5.0

0.59

0.3

2.5

INVENTORY IN THE CORE SHROUD AND REACTOR VESSEL

Figure 4.3 gives a radial distribution of 60Co activity within the reactor vessel made of

carbon steel, whose surface is covered with the clad made of stainless steel of about lcm

thickness. The DCHAINMD calculation agrees with the measurement very well through

the region of interest. On the other hand, the ORIGEN-JR calculation, which overestimates

the measurement throughout the reactor vessel, provides quite a different attenuation

tendency as compared with the DCHAINMD calculation and measurement. The discrepancy

between them can be explained by the difference of the one-group activation cross

sections utilized, suggesting the cross sections for DCHAINMD reflect the space-dependent

neutron spectra more accurately than those for ORIGEN-JR do.
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In Fig.4.4 are given vertical distributions of activity from ^Co and 5SFe at the inner

wall surfaces of the shroud and reactor vessel. The figure shows a good agreement

between the calculations and measurements with the maximum error of 30 %.

Usually neutron flux calculations within the reactor are carried out for a two-

dimensional cylindrical geometry, which is symmetrical to the central axis. But as shown

in Fig.4.5, the plan view of the reactor core, which is in rectangular geometry, gives us

the idea that the distance between the core boundary to the shroud varies with the angle

at the circumference. So in order to estimate the angular dependence of the activity in the

shroud, DOT calculation for a two-dimensional X-Y geometry was performed. In Fig.4.5

are given measured vertical distribution of 60Co activity at the shroud in the direction of

6° and 45° , together with the corresponding calculations in relative values at the level

of the core midplane. Here the data at 45° is the average of the activities at 45° , 135° ,

225° and 315° and the data at 6° is the average of them at 6° , 96° , 186° and 276° .

From this figure, it is found that the calculation agrees well with the measurement in the

ratio of activity at 6° and 45° , indicating the present calculation with X-Y geometry

successfully reproduce the angular dependence of the activity measured.

INVENTORY IN THE BIOLOGICAL CONCRETE SHIELD

Figure 4.6 presents a vertical distribution of 152Eu activity at the inner surface of the

concrete shield. An agreement between the calculations and measurements are quite good

with the error of less than 30 %. Then Fig.4.7 shows a horizontal activity distribution

from 3H, 60Co, 134Cs, 152Eu and 154Eu along the D-Iine (core midplane) indicated in Fig.2.1.

At the concrete surface, we got a good agreement for all the elements but for 3H. As for

the reason of discrepancy of 3H, it is probable that a part of 3H could have leached into

water when being sampled from the biological shield and that they could not be fully

collected for activity measurements. The horizontal distributions of all elements of interest

show similar tendency, increasing to the maximum at around 10cm in depth and then

decreasing at almost constant rates. While good agreement between the calculations and

measurements around the peaks was obtained for 134Cs and 154Eu, relatively poor agreement

was obtained for 60Co and 1S2Eu and these discrepancies hold to deeper shield region.

Though penetration calculations within the concrete shield are very sensitive to water

content involved there, it is usually difficult to determine water content experimentally

because it varies with time over a very long time span corresponding to reactor life times.

So, irrespective of measured data of 5.1%, water content in the concrete shield employed

in the calculation was determined as 7.0% so that the calculated attenuation curve at the
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core midplane may fit the measured one at the region where neutron equilibrium spectra

are obtained. As a result, major inventory at the core midplane was found to be calculated

within errors of factor 3 to 4. Figure 4.8 gives a horizontal 60Co inventory distributions

within the concrete shield at various levels from A- to F-lines indicated in Fig.2.1.

Relative distributions of ^Co inventory at every levels are seen to agree well with each

other. This fact can be easily understood by the contour map of thermal neutrons within

the shield given in Fig.4.1. It shows the contour lines are almost parallel to the inner

surface of the concrete shield. But the gradient of the measured distribution becomes

steeper as the distance of the level from the core midplane becomes large. As a result,

the calculation largely overestimates the measurement, with the maximum error of one

order. The problem of these discrepancy is not yet resolved.
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SUMMARY

Residual inventory within JPDR was calculated with a combination of the Sn code DOT-

3.5 and activation calculation code DCHAINMD. The DOT calculations were made with

P3-S48 approximation, using 7 group space dependent neutron cross section library

including 1 group for thermal neutrons. The 7 group data were generated by collapsing

48 group effective cross section data based on space dependent neutron spectra obtained

with ANISN. In processing neutron cross sections, application of self-shielding factors is

indispensable especially for a deep penetration problem using few group cross section data.

Judging from the fact that the DCHAINMD calculation within the reactor vessel is

better than that of the ORIGEN-JR one, the one-group activation cross sections generated

for DCHAINMD are concluded to reflect the space dependence of neutron spectra more

accurately than those for ORIGEN-JR do.

The calculational results show that the inventory at the core shroud and reactor vessel

can be calculated with an error of less than 30 % and that overestimate of about factor

of 3 to 4 was assumed for the inventory calculation at the core midplane in the biological

concrete shield. But the problem is that overestimate within the concrete shield becomes

larger with increase of the distance from the core midplane, causing serious error in

inventory calculations.
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PROBLEM DEPENDENT NUCLEAR DATA LIBRARIES IN

ACTIVATION AND DOSE CALCUALTIONS FOR "RB-3" REACTOR DECOMMISSIONING.

D.G. Cepraged), E. Menapace(^) and A.

INTRODUCTION

In the reactor decommissionig (i.e. the process following the

final shutdown of the reactor by which radioactive components and

materials are removed .'rom the reactor site), a major factor to be taken

into account in the methodology is to estimate the radioactive inventory

and radiation sources (i.e the quantities of radioactive materials that

may be released to the environment and the resulting doses to the

public).

A method used for the radioactive inventory calculation and dose

evaluation of the CIREN'i fuel clusters and ECO fuel elements irradiated

in the RB-3 reactor is discussed in this paper with particular regard to

the processed problem-dependent nuclear data libraries.

A complex sequence of various codes (in particular WIMS-D for

flux-weighting spectrum then flux weight factors calculations) has been

applied, via COUPLE code, to update the ORIGEN Library (/I/) and SCALE-4

modules like ORIGEN - NITAWL - XSDRNPM - XSDOSE have been used to produ-

ce problem-dependent processed data Libraries needed to perform the

depletion and shielding analysis. This sequence involves the systems

analysis with associated data processing.

GENERAL DESCRIPTION OF THE METHOD

The method provides the following analysis process: 1) a lattice-

cell neutron analysis to produce the flux-weighting spectrum for ORIGEN

Library updating, 2) update of the ORIGEN-S Master Library and

production of the ORIGEN Working Activation Library, 3) a depletion and

decay analysis for a specified assembly geometry and irradiation history

to generate gamma and neutron source strength and spectra, 4) a one-

dimensional radial shielding calculation and dose evaluation.

The calculational flow of the method is shown in Fig. 1.

1) LATTICE-CELL NEUTRON ANALYSIS

The reactor lattice cell WIMS-D code is used to perform the

neutron analysis to produce the flux-weighted spectrum in different

zones of the fuel assembly, as the code calculates the neutron spectrum

used to develop spectral parameters or flux weight factors for ORIGEN-S

Master Library updating (via COUPLE code) /I/.

The geometry can be either fuel rods or plates, in regular arrays

or bundles of fuel rods in clusters (i.e. a heavy water moderated

reactor assembly like RB3 with CIRENE experiment, U02 uranium fuel

channels utilizing the pressure tube concept - a square lattice array of

(1) ENEA-Bologna, Dept. for Advanced Technologies-Nuclear Data and Codes Lab.
(2) ENEA-Bologna, Dept. for Innovative Reactors.
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7 Cell Neutron Analysis
producing ffux-weighte 1
spectrum (spectral parameters)
for ORIGEN Library updating.

WIMS LIBRARY

T
WIMS-D

(cell zone-weighted flux spectrum)
(THERM RES FAST spectral parameters).

2 ORIGEN Library
updating

ORIGEN MASTER LIBRARY

COUIPLE-+-
ORIGEN-S

ORIGEN WORKING ACTIVATION LIBRARY

3 Depletion and
Decay analysis.
Gamma and Neutron
Source calculation.

ORIGEN-S
(Radioactivity inventories - Curies)

(Afterheat Powers - Watts)
(Photon Radiation Sources - Photons!secern**3)

4 Shielding Analysis
and Dose Evaluation.

27N-18G GROUP AMPX LIBRARY

NITAWL-U
XSD/?A/P/W-S-<-

(Angular flux distributions)

XSDOSE
(Neutron and Gamma Dose - Rem/h, SvJh)

Fig.1: Flow calculation for Activation and Dose Evaluation
in the decommissioning of the RB-3 Bologna research reactor.

pressure tubes containing the fuel rod rings and coolant in the heavy

water moderator).

WIMS-D contains 'tabulations of temperature _ dependent resonance
integrals accurately evaluated for homogeneous mixtures of moderator and
absorber at 120000 energy points. Equivalence theorems are used to
obtain few-group effec .ive cross sections in heterogeneous problems.
Then a calculation in 69 energy groups and 3 spatial regions (fuel, can,
moderator) coupled to collision probabilities and a few-group SN
transport calculation are performed.
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The WIMS LIBRARY based on ENDF/B-III, ENDF/B-IV ar.d UKAEA nuclear

data files contains 69-group data for a wide range of nuclides of

prntical interest in experimental assemblies.

2) ORIGEN-S LIBRARY UPDATING

The COUPLE code updates the cross-sections constants included on

ORIGEN-S nuclear data library with the flux weight factors (THERM, RES

and FAST) produced by Wi'MS-D. COUPLE converts ORIGEN-S Master card-image

libraries to binary libraries and then updates the library according to

the user exigencies.

The same COUPLE code, in conjunction with ORIGEN-S code (for what

concerns the production of a binary master photon data base from ORNL

Master Photon Data Base) produces the ORIGEN-S Working Activation

Libraries for the particular reactor assembly lattice (in the present

analysis CIRENE and ECO assemblies).

3) DEPLETION AND DECAY ANALYSIS - GAMMA AND NEUTRON SOURCE CALCULATION

The ORIGEN-S code performs a nuclide generation and depletion

calculation for both reactor fuel during irradiation and the decay of

the spent fuel. Moreover, the code computes the radiation source

strengths and spectra generated by the cooled radioactive assembly. For

gamma sources the code first converts inventories of all nuclides of the

cooled fuel assembly to disintegrations per second. Then, applying the

ORNL Master Photon Data Base, individual nuclide photon spectra are

combined to determine the total gamma source spectrum. The gamma

spectrum is supplied in the energy group structure specified by the user

(in this case 18 groups).

4) SHIELDING ANALYSIS - ONE-DIMENSIONAL RADIATION TRANSPORT AND DOSE

EVALUATION

The one-dimensional discrete ordinates codes XSDRNPM-S is used to

evaluate radiation transport through the shield and to perform the

neutron and gamma transport calculations in the zones of a fuel system,

like CIRENE and ECO assembly, for obtaining the angular flux

distributions.

XSDRNPM-S is a highly-evolved one-dimensional discrete-ordinates

transport program which is capable of performing neutron or coupled

neutron-gamma calculations with the scattering anisotropy represented to

any order according to the requirements. The finite-differencing in

XSDRNPM-S is done with the weighted diamond-difference model. Boundary

conditions on the angular fluxes can be specified as vacuum, reflected,

periodic, white or albedos. Volumetric fixed sources (produced by

ORIGEN-S code) specified by spatial interval are group-dependent and

isotropic.

XSDOSE code has been used in conjunction with a fixed-source

XSDRNPM calculation to compute neutron and gamma flux and the resulting

dose at various poiits outside the assembly (infinite cylinder

approximation). XSDOSt! code reads the angular flux file produced by

XSDRNPM and performs the required numerical integration over a finite

surface to obtain the actual scalar flux and dose at those points

specified by the user.
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COMPARISON BETWEEN MEASURED AND CALCULATED DOSE RATES

TABLE 1: GAMMA DOSE RATES

LOCATION DOSE

CLUSTER DETECTOR MEASURED

(cm) (fiSv/h)

DOSE CALCULATED

STRAKER-MORRISON DOSE FACTORS

ENERGY RANGE

(10 MeV - 0.01 MeV) ( 1.5 MeV - 0.01 MeV)

1 CIRENE

U-NAT

2 CIRENE

U-NAT

3 CIRENE

U-NAT

1 CIRENE

U-l.1%

2 CIRENE

U-l.1%

3 CIRENE

U-NAT

1 ECO

2 ECO

20

100

20

100

20

100

20

100

20

100

20

100

20

100

20

100

4.1

1.2

4.1

1.1

4.1

1.2

4.2

1.1

4.2

1.1

4.1

1.2

4.4

1.0

4.6

0.9

5.1

0.9

5.1

0.9

5.1

0.9

5.2

0.9

5.2

0.9

5.2

0.9

4.6

0.9

4.6

0.9

4.4

0.85

4.4

0.85

4.4

0.85

4.55

0.85

4.55

0.85

4.55

0.85

4.0

0.85

4.0

0.85

3 ECO 20 4.2

100 0.6

4.6

0.9

4.0

0.85

4.1) CROSS-SECTION PROCESSING TECHNIQUES

Within the SCALE sequences, cross section processing has been

performed starting from an AMPX master library to the final result of an

AMPX problem-dependent working library. In performing resonance self-

shielding analysis by MTAWL code, an approximate spatial treatment is

used to perform a detailed energy slowing down calculation. In

performing a subsequent spatial weighting analysis by XSDRNPM-S code,

broad energy group constants are used to perform a detailed space-angle

calculation of the neutron spectrum over the over the total energy

range. Then, spatial weighting can be performed over fuel rods, lattice

cells and clusters.
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The 27neutron-18gamma Group AMPX SCALE Library is obtained from

the 218-group ENDF/B-IV criticality library developed for the Nuclear

Regulatory Commission utilizing general-purpose files from ENDF/B-IV.

The library has a P3 scattering expansion order and treats thermal

upscatter to 3 eV. This Library is used for the transport calculations

by the shielding analysis sequence NITAWL - XSDRNPM-S. By NITAWL-II co-

de resonance self-shielding calculations were performed for nuclides

that have the appropriate data on the specified AMPX Master neutron

cross-section Library and to produce working (problem-dependent)

library. The 18-group gamma-ray cross sections were generated from the

ENDF/B-IV File through the application of the AMPX modules LAFNGAS and

SMUG. The gamma cross sections include a P9 scattering expansion order.

RESULTS

The results of calculations performed with ORIGEN - XSDRNPM -

XDOSE have been compared with dose measurements (Table 1).

In the next future it is planned to use the updated WIMS Libraries

based on the ENDF/B-VI and JEF 2.2 Files, in order to investigate the

influence of updated nuclear data on the accuracy of the calculations.
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Sensitivity analisis of NPS Decommissioning.

A.A.Dovbenko, A.A.Stroganov,
State Institute of Applied Ecology of Russian lederation

N.T.Kulagin ,
Institute of Physics and Power Engineering,

I.A.Belyaev,
Ministry of Atomic Energy of Russian Federation

On the stage of nuclear facilities <NT) designing it is
necessary to know at the moment of decommissioning the
characteristics of neutron activation products of isotopes, that are
in the composition of structural materials and radiation shields.
From the formal point of view there are no calculational problems in
it. This is a standard task of reaction rate calculation using
neutron fluxes with following integration of explicit time
dependences on the operation time and cooling time. The main
difficulty is in correct taking into account of all reactions,
leading to the same radionuclides in the result of different decay
chains.

It is also necessary to know the characteristics of photon
radiation of activation products (PRAP). Even during operation of
nuclear facility in stationary regime the contribution of this
radiation into equivalent dose behind shield can amount to 10-30% of
dose from prompt secondary radiation. After shutdown and removal of
active core and radioactive contamination the PRAP is the only
danger for personnel.

let us consider the peculiarities of the calculations of PRAP
and possible schemes of realization of such calculations.

Let ^{r",^^) be a space-energy and angular distribution of
flux density of neutrons in medium. let the medium to be irradiated
during time T by stationary flux of neutrons. If the isotopic
composition of the medium is known, than space- energy and angular
distribution of flux density of PRAP *>$(?,3,E$) in time t after
finishing of irradiation is determined by the solution of transport
equation :

?,^,E$;T,t) (1)

Here I - integral-differential operator of photon transport
equation in the composition under consideration ;
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N. N
is rn

; ',T,t)= E E J do J dE f> (?,o,E ) o. (E ) x

-x . t -x .t

P
t
(?) - nuclear concentration of i-isotope in the point ? ; N

i s
- the

total number of isotopes in composition under consideration;

o.^.(E
n
) - interaction cross-section of neutron of energy E

n
 with

nuclei of i-isotope with creation of j-th radionuclide; N
r n
 - the

number of nuclides, taking into account; x - decay constant;

i.0,2^) = ^-f.(E
$
) - angular (isotropic) and energy

distribution of photones, emitted in a single act of j-th

radionuclide decay. Separating the variables (T,t) and (?,3,E
$
), we

can write the expression (2) in the following form :

N
rn

b
act<

r
'"»•*•$»J-»w - E v

1
'

1
' ' ^r.n.jijj -

j = i

rn -XT -X t L

(3)

.T -X.tf
 N

is
J
 )e M E P/ 7

which is convinient for the solution of the equation (1) with

boundary conditions in quasistationary approximation. In this case

for any meaning of T and t with taking into account a linearity of

the transport equation (1), we shall get :
N

rn

f,(?A^;x,t) = E ^α,t) *>
$j
(r,a,i

$
) (4)

where *>
$j
(r,^,I

§
) - the solution of j-th "subtask"

I ^.(r,^,I
$
)=S.(r^,I

$
), d=1 ... N

r n
 (5)

One should note, that when we are interested in the

characteristics of the field of PRAP for certain meanings of T
o
 and

t
o
, or thats integrated on t- from t

o i
 to

^ ^ • t o i ^ o a ^ X ^ ^ ^ ' ^ ^ o ^ o )
 o r

 K < r A V , T
o
, t

o
) d t , they are

determined from only one task solution :
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$
(r,^,I

$
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o
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) = E W V S.(rAE

$
) (6)
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 1
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^ °
j = *
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e
 j O 1

-e
 }
 °

2

X (7)

x.
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One should take it into account at determination of optimal
scheme in the solution of different tasks of shielding from PRAP.

The solutions of "subtasks" <5) can be obtained by means of
existing calculational methods: Monte-Carlo, moments, discrete
ordinates and so on. In the most of these methods the multigroup
presentation of energy dependence is used for all variables of
transport equation. In this connection let's give the expression for
multigroup approximation of the right part of equation (5):

p N.
max AS<*.> 4 ] & ?

max
for q = I, 2 Qm

where f1 and F^<?,3) - gi'oup, and c^. - averaged group meanings of

earlier determined values f (I^), *>n(?t&,In) and <7.̂ .-

correspondently; q, p, C^naxf P m a x - numbers of energy groups of

photons and neutrons and their maximum values.
In this paper the program system, described in [1,23 was

developed and the input data files for the PRAP sources calculations
in the shield of nuclear facilities were essentially expanded in
order to realise the above described algorithms. The calculation of
the fields of PRAP corresponds to the scheme, given in the Fig. 1.

This calculation procedure includes the neutron activation
cross- sections library, the library of yields of PRAP and the
calculation program of PRAP sources on the base of a given neutron
distribution in correspondence with equation (8).In the most cases
the decay ^constants, photon energies and quantum yields for
radionuclides under consideration are known with suitable accuracy
but for neutron activation constants the evaluation of data and the
accuracies are needed.

The library of neutron activation data must include
cross-sections of radiactive capture and threshold reactions (n,p),
(n,d), <n,«), (n,2n) and so on, which lead to radionuclide
production.

In the library used by authors the 22(n)+I8(?')- group energy
presentation is chosen, the same as in group constants system
DIC-23/CASK [33. The data for more than 50 reactions are compiled.
The most of these reaction data was prepared on a base of the files
from the libraries MDF/B-5, MDF/B-6, available in Nuclear Data
Center <FII, Obninsk).

The criterium for choice of reactions was limitation of
half-life ( T 1 / 2) value of radionuclides (T1^2> 5 hours). For
averaging the following energy spectra were accepted: at neutron
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Tig. 1. The scheme of calculation of PRAP field functionals.
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energy IO>2.5 MeV - Krenberg formula; at 0.5 eV<Io<2.5 MeV -
S(£0)*I/I0; in thermal region at Io<0.5 eV - Maxwell distribution.
In connection with that the averaging spectrum in neutron thermal
region depends on temperature T, lor radiactive capture reaction the
sets of activation cross-sections in the library were created for
T=300K, T=500K, T=650K. The input data files were processed by
program MACROACT (formation of macroconstants for calculation of
PRAP fields). The program MACROACT [2] is specified for
transformation of macroconstants in ANISN-format from any
microscopic data library, used for the calculation of secondary
prompt gamma-radiation transport, into macroconstants <in the same
format) for the predicting of sources, transport and fields of PRAP.
The program system is oriented on the calculation of PRAP transport
with using codes ANISN, DOT, MORSE.

Relatively separate part of the problem under consideration are
the questions concerning optimization of construction and
composition of nuclear facilities from the following point of view:

-reducing of total activity, formed in nuclear facility at the
moment of decommissioning. Here it is necessary to use biological
hasard weighted activities [41 and to take into account diffusion
ability of radionuclides (as 3 H ) . But we don't consider ability
and corrosion activity tasks here;

-space optimisation of activity with respect to minimisation
of radioactive waste ;

-personal dose decreasing at decommissioning .
More effective all this tasks may be solved using perturbation

theory and sensitivity analisis (SA). As for tasks 1-st and 2-d SA
method is the developing of wellknown results [5] of sensitivity
coefficient time integration.

We want to solve the 3-d task by SA method for PRAP transport
uncertainties analisis.

Let us get the expressions for relative sensitivity
coefficients of calculation result(R)for arbitrary functional of the
PRAP field to concentrations of nuclei pif activation cross-sections
o*^. and PRAP group yields f*?.

According to general theory, the coefficients P^i, Pe
J*J, P ' must

R R R

be defined as
X. AR AX.

where A - variation of corresponding values.
Further consideration are performed for short in multi-group

approximation. Let us consider the source term in the right side of
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PRAP transport equation(1) as additional terra of scattering integral
in the left side of neutron transport equation, which differs from
the left side of equation (1) by interaction cross-section- values
only,and obtain "general" "neutron+PRAP" transport equation and use
formulas from [63 for sensitivity coefficients of result to zero

harmonic of scattering cross-section 2^ in the m'th spatial zone

V ,for which p. <?)=P. =const, excluding term of neutron losses in

the p'th group and substituting E *** to 4*?E **£, where

j.P-*q -XT -X.t fq Nrn

<*'*> = <1'e J >e J -XT 2 < ^ A # m (10)
i = 1

2-1, p-»q

We can find that for PR
 act <T,tfVm)

PR
 act <T,t,VJ =

-x.T -x.t M
(1-e J )e } f* Ni S

= — '- *
4*TR i = *

where <P and *>*q - zero harmonics of neutron flux densities in
the p'th group and photon importance function in the q'th group
accordingly, c? - microscopic cross-sect ion, multiplied by
factor of resonance self shielding for it's cross-section in spatial
zone m.

Obviously, equation (11) may be derived more simply, but less
accurately, if we use physical sense of the importance function *>^qo
directly. Ey definition, for any small variations of the parameter A X

•* ' p"*q J ' p"*q
AR X. AX. f Af Nrn </ . A^ . p. Lp.

=P S P +!: P
^act

X JTl \ 4*

.J. -A.b p,q

Then, accepting *^=0-e J )e J , I =Jd?^o(?)*V
t
o(?). summing, if

necessary, by p,q,i and j,taking into account equation (11),we have:

-x.t
x x. e J f -xT -xT
P J<v )=_J Te J -t(1-e J ;R m AnR I

(13)
f1 fq * Pmox Nis

PRJ<7n,)=_J—L 2 i!'q E < T L ; _ A _ ; (14)

0P . C^
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The sensitivity coefficients for the result R to T and t values may be
derived analogously.

The in equations (13>-(16) to use the existing computer SA codes
<for example, code SWANLAKE [73) with small changes for the
calculations.s.

Let us consider the main equations of uncertainty analyses
concerning the problems of neutrons and PRAP gamma-quants transport in
radiation shielding. According with general approach,the dispersion of
calculated result for the functional Rn+r=Rn+Rn'?'+R?' is defined as

R f R
W p T ^ , (17)

R

where ¥TKr) and VC'r - contributions of neutrons {gamma- quants) and
PRAP to R"+r, accordingly:

+P*' + P* ' (18)

.P = ^̂ P̂ x - renormalized vectors of partial

sensitivities F̂ x ; x=n, y, n*r\ y=n, r* n*r; ¥**, - vector of

sensitivity to neutron cross-sections cn; F* ; F*n,r, -vectors

of the primary photons and PRAP sensitivity to r-cross-sections;
p^y arid P^".r- vectors of sensitivities to the PRAP cross-section

production and neutron cross-sections. (So TC'r depends on neutron
field by spatial distribution of sources). W - total covariance
matrix of uncertainties has block structure:

W r> W n+Y/ n 0
O 0 0

w =
0 0

W r,, r,-+Y W r,+r 0 (19)

- covariance block of neutron cross sections with dimension

- covariance block of group yields with dimension N _ *N _ *

- covariance block of photon cross sections with dimension N *

Nis V (1+^-Lr);
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'/o.n = y&n/crn->r - block of covariance between neutron cross
sections and group yields with dimension Nn* N _v\
Qniry \/ ) - group number ' and order of angular approximation

for neutron (r-quants) scattering indicatriss accordingly,
Nis(el) — number of isotopes (elements) taken into account;
6 - null matrix, which obviously shows that correlations between

experimental data for neutron and gamma-cross sections are absent.
Dimension of matrix W reached ^10 *10 ,and therefore in all

estimates of result dispersion D(R) essential simplifications are
used. The published results of estimates uncertainties of neutron
shielding calculations are lower estimates .As far as data about
correlations of group scattering matrix <?P*£ uncertaninties are
absent,the following expression is used:

, , NH3 NH3 Qn Qn 2 2
D ( R n ) = D ( R n ) ^ E E E E E E PP C ? _

* G0?<<x ,<„,) P < ^ , , (20)

A dimension of matrix Wn decreases in (0^*1^)72 times by using

instead of < PP-»P' > total sensitivity :
1 » 1 /'

n n
P.P = E E P . (21)

s P -=p i=o cr ^

This is equal to two essential assumptions:
a)ratio uncertainties of differential and integral

scaterring cross sections are equal:

6^pr*p> s= const(p) ̂  6j> ; (22)
a,l V(p',l) a

b) there are total correlations </***' for all p',1.

The code and information data base developed can be usedfor
minimisation personal dose at . decommissioning with taking into
account our experience on the unit 4 Chernobyl NNP.

Personnel radiation damage Y linear depends on collective dose D
( if dose for each man is less than maximum value):

D(ts,tf)= Jdr JH(r)f1(t)-n(r,t)f2(?,t)dt (23)

Here r- space position of working personnel; H(?) - space
distribution of dose rate at current time; ^(t) -time dependent
irradiation dacay activity ; n(?,t) - personnel distridution on
working places,connected with labour expence distribution
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f n(?,t)dt= — «<?); [d? «<?)= — Wn (24)
J q J q
ts
WQ -total labour expence; q - average labour productivity;

I2(?,t) - dose rate reducing function as a result of the work • yet
perfomed (disactivation,removal of constructions and so on).

The f2(?,t) depends on sequince of performing stages and may
increase after some works. We named f2(?,t), -function of active
influence on radiation fields and it will be consider below.
Optimal value tg and t^ ,n(?,t) and D are determined by solving

task of minimumisation of total damage y(ts,tf). But sometimes
conditional minimum is needed. So, tne main condition at
"Sarkofagus" bielding was finishing work up to fixed date.Personnel
dose minimisation task was solved having in mind minimum expenses.

Let's write f2(?,t) as function of activity space distribution
S(r) at the begining of decommissioning and G(r'—»•?) determining
dose rate in ?' from unit source in ? .Supposing that the perfoming
some work in ?-o(r} leads to removal of activity S(?) out this
region,we have:

H(r>Jd? S(r> G(?»— ?) (25)

H(r)-f2(?,t)=Jd? |s(r)-G(?'-•?>
t

[i - q/co(?')Jn(r',t')dt'l ]• (26)
o

The function n(r,t), satisfy ing the condition (24), on which the
functional D reaches the maximum ,has explicit physical sence.
determination of optimal work sequence n(?,t)0Dt, providing the more
fast decreasing of radiation field level for fulfilling following
steps.The solution o-f this task may be obtained by standard
calculational methods ,if functionals S(?), G(?'—•?), w(?) are known
or calculated before for any power unit. Similar data however are
absent in scientific literature .except for "skyshine" [93.

This techniques was tested on the situation of Chernobyl
accident. The results obtained occured close to the real collective
dose decreasing .It was 3 times less than that without minimisation
n(?,t) and reached tenth times in some places.
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CONCLUSIONS AND RECOMMENDATIONS

1. INTRODUCTION

As of April 1992, there were approximately 60 nuclear power reactors in shutdown

status [1] world wide. In addition, of the total of 420 nuclear power reactors operating in

the world in 1992, 117 (28%) have been supplying commercial power for 20 years or greater

and 214 (51%) for 15 years or greater . The age distribution of research reactors is even

more skewed toward older facilities. In 1991 (the latest year for which statistics were -

5available) there were 323 research reactors in operation and 234 shutdown [2]. Moreover,

only 30% of the total number of research reactors are less than 20 years old and 47% of

research reactors are between 20 and 30 years old. These statistics of large numbers of

ageing commercial and research reactors strongly indicate that decommissioning

methodologies will need to be developed and applied in the near future.

A key aspect in the development of the methodologies for the decommissioning of

nuclear reactors is a knowledge of the radioactive inventory. The radioactive inventory

external to the fuel assemblies is produced from two sources:

a) Activation arising from neutron reactions with the materials from which the

components are made.

b) Contamination on the surface of components arising from deposition of fission products

from failed fuel assemblies and corrosion products carried by process heat transfer

fluids.

Generally, trace impurity levels in structural materials, e.g. cobalt and niobium in

metals, which were uncontrolled at the time of manufacture, contribute a major proportion

of the activation induced inventory both in the short and longer terms. The activity levels

and physical distribution of the radionuclides present during decommissioning dictate the

designs of equipment and procedures used for dismantling and in particular the radiation

protection measures to be applied. Furthermore, more accurate inventories and consequent

dose rates will lead to project definition and planning which better represent the actual

environment encountered during decommissioning. These, in turn, will facilitate better

estimates of overall timescales and costs. The physical distribution and activity levels of the

activation induced radioactive inventory also determine the quantities of materials requiring

ultimate disposal and the amounts of waste material within waste categories set by the

appropriate national licensing authorities.

This document is concerned with reviewing the present status of inventory calculations

to identify limitations and recommend methodologies which would result in (1) more accurate
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inventory estimation and (2) an accepted uniform approach for inventory calculation acros;

the international community. Limitations are identified and improvements recommended ii

a) Specifications of material compositions with respect to bulk elemental

compositions and particularly the levels of trace impurities which are known to

control the inventory.

b) Detailed breakdown of time history of reactor operations (flux, time).

c) Neutron transport in deep components remote from the reactor core where direct

flux measurements have normally not been performed (e.g. pressure vessel and

concrete bioshield).

d) Cross-section data with reference to nuclides which have a major significance for

decommissioning but may have less importance for reactor operations (e.g. Ni,

Nb reactions). Furthermore, spectral data collected across many groups requires

compression into an agreed format so that the essential properties for activation

calculations are maintained while preserving utility for non-specialist use in

decommissioning planning. These data must provide for intercomparisons

between users against agreed benchmarks.

If increasing reliance can be placed on calculated inventories, particularly in those

regions peripheral to the core (e.g. pressure vessel and bioshield), then the need for

expensive statistical sampling and analytical programmes for waste materials prior to

dismantling and disposal will be reduced. However, benchmark testing will be necessary

before such methods can be approved.

2. COMPOSITION OF MATERIALS AND OTHER INPUT DATA

Knowledge of material compositions plays a very important part in the

decommissioning analysis of radionuclide inventories. This comes about in two ways.

Firstly, accurate atom densities must be known for major constituents in order to perform

the calculation of neutron flux. Secondly, knowledge of target atom densities for activation

reactions must be known.

For the calculations of neutron flux, the uncertainties in composition of materials,

densities, and geometry dimensions in most circumstances lead to only relatively small

uncertainties in the result in regions near the source (fuel). However, for calculation of

neutron transport over large distances as, for example, through a concrete biological shield,

the uncertainties can be significant as illustrated in the paper by Sasamoto [3]. Here the
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uncertainty in water density in the concrete creates an uncertainty in the flux gradient through

the concrete, which translates into large activation uncertainty at depth. Such calculational

uncertainties will likely not affect the total inventory of radioactivity in decommissioning, but

can very significantly affect the amount of waste material that is considered as radioactive

and that thus must be removed and disposed as controlled waste to complete the

decommissioning process.

Calculation of activation in irradiated materials is a further consideration. Here the

atom densities of most interest may be of impurity elements that fall in the range from tens

of ppb to 3000 ppm. Often data on such impurity levels is very limited or non-existent.

Even when data does exist, questions of homogeneity of the impurity distribution often

contribute large uncertainty. For these reasons, knowledge of the impurity levels is often

by far the dominant factor in the total uncertainty.

To improve the situation, several processes are recommended. These are as follows:

a) Preserve archive speciments of reactor material for later measurement.

b) Preserve impurity measurement data and samples as appropriate.

c) For new plants and for replacement parts in existing plants, provide specifications

that include requirements on measurement and control of the problem impurities.

It is recognized that these actions may not be possible for many existing plants.

Therefore, the value of generic compilations of data on impurity levels such as the report by

Evans [4] are recognized. To this end, the compilation of an international compendium of

reactor materials impurity data by IAEA is recommended. The compendium should include

the following materials as a minimum:

Steels: Carbon Steel (e.g. ASTM A302B) Graphite

Stainless Steels (e.g. 304, 316) Concrete: Ordinary and high density

Mild steel Aluminium: (e.g. ALCAN-6056)

Iron

3. FLUX CALCULATIONS

a) Computer Codes

At present, use of a one-dimensional transport code (i.e. the well known ANISN [5]

code) seems to be the generally accepted approach in flux calculations for decommissioning.
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The transport method is capable of producing reliable estimates of flux levels and spectra.

However, most of the published results dealing with accuracy of such calculations are

connected with studies where fast flux values have been of interest (e.g. reactor vessel

embrittlement analyses).

For one-dimensional calculations several approximations concerning geometry etc. must

be made and for regions far away from the active core the finite size of the source region

should be taken into account. Two - or even three-dimensional calculations would, therefore,

be more appropriate to get accurate results for cases where these approximations are severe.

Rapidly increasing processing speed of computers enables the application of the Monte Carlo

technique on smaller computers.

The definition of the neutron source also affects accuracy of the flux calculations. The

simplest way to proceed is to use a neutron source from a typical or average reactor core

configuration for the whole lifetime of the reactor. With present computers more detailed

definitions of the operational history are, however, possible.

Besides the input data (material compositions, geometry, operational history) the cross

section library used determines the accuracy of flux calculations. At present, in the western

countries, data sets generated originally for shielding studies (e.g. BUGLE [6] or

SAILOR [7]) are commonly used for decommissioning studies. With these types of cross

section files, it is not clear that accurate enough thermal spectra for activation calculations

are obtained. The problem should be studied more thoroughly both with regard to the

number of thermal groups required and the need to consider upscatter between these groups.

Moreover, it is of great importance to generate a new cross section library based on the latest

versions of the evaluated data libraries (ENDF/B-VI, JEF-2, JENDL-3, BROND), so that

the most recent improved cross section evaluations can be more readily utilized.

b) Cross Section Processing

The Advisory Group has noted that different nuclear data libraries are currently in use

for calculations of neutron transport and activation. In some cases these data are already

superseded by more recent and better quality libraries. It is recommended that the latest

versions of such evaluated data libraries as ENDF/B, JENDL, JEF or BROND should be

used to prepare the program dependent data sets. Use of either the NJOY code package [8]

or the equivalent codes LINEAR, RECENT, SIGMA and GROUPIE [9] for processing the

original nuclear data libraries is recommended. Both packages have been extensively tested

and shown to give equivalent results. At the current time NJOY is primarily implemented

on mainframe computers and workstations, while the second package is used on personal

computers. The processing should include computation of temperature broadening and self-

shielding factor or sub-group parameters. The reduction to the group format with the

weighting spectrum as defined by the user should also be performed.
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The Advisory Group strongly recommends that the IAEA continue to further develop

the above mentioned processing codes in co-operation with other international or national

organizations.

c) Accuracy Requirements

For many of the cases for activation calculations, uncertainties in the results are due

almost entirely to input data other than the neutron flux part. However, for some situations

this is not the case, as in deep penetration of concrete shields. Here the uncertainties can be

factors of 2-4 or greater. This is an area, therefore, where improvement can be gained

through appropriate improvements such as are discussed in the section on benchmarking.

For some applications the factor 2-4 accuracy may be adequate, but for others attainment of

decreased uncertainty, say to the 20% range, could provide cost savings for the

decommissioning.

4. ACTIVATION CALCULATIONS

Calculated neutron flux distributions and spectra provide input data for subsequent

activation calculations. At present, a code of the well-known ORIGEN [10] family with

original data libraries is used when estimates of activity inventories are needed. However,

it has been generally recognized that one must be very careful when applying the original

cross section sets of any ORIGEN version for out-of-core components (which are of primary

interest in most decommissioning studies) because all ORIGEN cross sections have been

generated with flux spectra corresponding to the conditions of a specific reactor core.

The Advisory Group agreed that case-dependent cross sections, i.e. group constants

created using actual flux spectra, should be applied in ORIGEN calculations to guarantee

accuracy of the results.

The ORIGEN program has the advantage that all nuclides and reactions of any

importance are included. For decommissioning applications, however, only a relatively few

reactions are important for safety of the actual dismantlement as well as when longer-term

effects are taken into account. Two lists of these reactions were prepared by the Advisory

Group and they are given as Tables 1 and 2.

Table 1 lists reactions that the Advisory Group considers to have importance for

calculation of the radiation field produced by reactor components at times one year or longer

after shutdown. These are grouped into three catagories, according to importance for most

applications with priority I being of highest impact. This list is not intended to be exhaustive

and other reactions may contribute in some instances. Reactions which have been extensively
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Table 1

REACTIONS IMPORTANT FOR DETERMINATION OF
THE RADIATION FIELD (7 EMITTERS)

Priority
ranking

I. * 59Co(n,7)MCo

II. 151Eu(n,7)
152Eu

153Eu(n,7)
154Eu

93Nb(n,T)94Nb

133Cs(n,7)134Cs

HI. * " r
, ( r7Ag(n,7) ,08mAg

MZn(n,7)65Zn
108Cd(n,7)109Cd
109Ag(n,7)U0mAg, lloCd(n,p)n(toAg
23Na(n,2n)22Na
mSn(n7)125Sn £ ,254Sn(n,7)

125Sn * ,25Sb

Note: 137Cs is also an important nuclide for radiation field
determination in many cases

* Dosimetry Reactions

used as dosimetry reactions are indicated. The evaluation and testing of cross sections for

these reactions may be considered already accomplished to the accuracy needed for

decommissioning application. The other reactions may require some cross section

reevaluation and integral testing to ensure consistency and accuracy. It is noted that fission

products, especially 137Cs, may also be important components of the radiation field, but these

do not need to be included specifically on this list.

Similarly, Table 2 lists reactions that may need to be considered for evaluating waste

hazard over the long term. The products of these reactions are mostly more difficult to
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Table 2

REACTIONS IMPORTANT FOR WASTE DISPOSAL

Priority
ranking

I. * 6Li(n,a)3T, ^(n.ot)*!,,
3He(n,p)3T, (Fission production of tritium)
14N(n,p)14C, 13C(n,7)

14C
62Ni(n,7)63Ni
58Ni(n,7)

59Ni
wNb(n,7)**Nb

II. 35Cl(n,7)
36Cl

40Ca(n,7)41Ca
98Mo(n,7)"Mo -* "Tc

Note: Long lived fission products and actinides may need to be
considered

* Dosimetry Reaction

measure than those in Table 1 and therefore the quality of the measured data may be subject

to questions of accuracy. This can increase the need to have reliable calculated results, and

especially tests of ratios of activities to more easily measured ones such as ^Co are very

desirable since such application is very common in practice.

The Advisory Group recommends that for the reactions in the two tables, a fine group

cross section library would be very valuable.

To simplify and standardize the procedures for processing and use of these cross

sections, it is recommended that the Nuclear Data Section of the IAEA prepare a starting set

of data (special library) in fine group structure (such as Vitamin C or Vitamin J [11] but

especially including multiple thermal groups) broadened to different temperatures (300°,

600°C). It would then be easier to process the data from such a library to any desired group

structure. The PC versions of the processing codes are freely available from the IAEA upon

request. It is recommended that a test case be included together with the processing codes

and data libraries.
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It is recognized that in the future it is desirable to include uncertainty information with

the activation cross sections. For other cross section files this has been in the form of

covariance matrices. Such uncertainty evaluations are probably beyond the scope of available

data for many of the activation reactions, and thus it is suggested that inclusion of covariance

estimates be deferred until a later time. In the meantime, integral testing of the cross section

sets should be used to establish typical activation uncertainty estimates or bounds.

The Advisory Group agreed also that a simple PC computer program taking into

account the basic reactions could be a more flexible tool for decommissioning studies than

an ORIGEN version. Such a program should allow for an arbitrary number of energy groups

and a detailed power history input. It is recommended that the IAEA Nuclear Data Section

co-ordinate preparation and distribution of this code.

5. VALIDATION OF FLUX AND ACTIVATION CALCULATION METHODS

The feasibility and accuracy of different cross-section representations and of different

calculation methods can be tested by a benchmark study, based either on experimental data

for a real reactor inventory, or on a simplified model of a real reactor, for which such data

is available. The last approach is preferable since a simplified 2-dimensional geometry

description can be used.

The benchmark must include

data for the specific activities of several nuclides, that are important for

decommissioning

test cases for typical calculations, i.e. in-core activation, burn-out and burn-in,

neutron penetration in thick steel vessel and concrete biological shield

the case described must be similar enough to a real reactor geometry to be of

value.

It is important to have a good definition of geometry, data on atomic densities,

description of the neutron source (in-core flux distribution and power history) and reliable

measured data of several typical activation products.

For neutron transport verification, a geometry that can be well approximated by 1- or

2-dimensional model (cylindrical core, vessel and bioshield) is good enough. For example,

the mid-plane section of the JPDR reactor [3] geometry with its steel vessel and concrete

shield can be used as a possible case. The analytical data on the radial distribution of
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specific activities of 3H, ^Co, 134Cs, 152Eu, 154Eu is available out to 1.5 m in the bioshield

concrete at the core midplane. These analytical data are well reproduced by a simple 1-

dimensional transport calculation. The water concentration in the concrete bioshield could

not be estimated accurately for JPDR. It is suggested that a value of 7.0% be used based

on detailed two-dimensional calculation as the proper average over the reactor lifetime.

The accuracy of neutron penetration calculations through long path lengths of iron is

considered another important factor in inventory calculations. Specific activities of ^Co and
55Fe in the core shroud and reactor vessel steel have been measured on the JPDR for

comparison with the results of calculations. Other experiments on iron and concrete neutron

penetration may also include data on activation or thermal flux measurements. Examples

include the Pool Critical Assembly (PCA) measurements at Oak Ridge National Laboratory

on pressure vessel mockups, similar measurements at UKAEA-Winfrith, iron slab

measurements at UKAEA-Winfrith, concrete measurements at Garigliano, and measurements

in VVER geometry at LRO in Czechoslovakia.

Use of other data for integral testing of cross sections may also be necessary, as, for

example, the PNL measurements on 59Ni and 63Ni production in reactor materials. In order

to make such data of use, authors of reports are encouraged to completely document their

measurements, calculations, models, and results.

6. CONTAMINATION

The presentations to the Advisory Group noted wide variations in contamination

deposition in nuclear systems. Many factors influencing deposition are reactor specific, such

as fuel integrity history, and chemical control in the coolant system, as noted in the Pacific

Northwest Laboratory examination at seven light water reactors in the United States [12].

The presence of stellite valve facings was also noted as the primary contributor to deposited

contamination of the neutron activation product ^Co at the heavy water moderated research

reactor in China.

The deposited contamination portion of the inventory will not be significantly

influenced by the quality of nuclear data and is quite reactor specific. Therefore this aspect

of the residual inventory at shutdown needs to be addressed on a site by site basis in addition

to the neutron activation of the fixed structure. Process pipework outside the reactor core

region can be addressed for contamination deposition by radiometry (7 spectroscopy),

physical sample removal (where practicable) or by the radiometric analysis of decontaminants

used for clean-up purposes. Such investigations can only be treated as indicative since

sampling exercises rely on statistical coverage of the components in question. Furthermore

direct radiometric surveys of plant need to take into account the geometric constraints of the
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components involved. Such systems require calibration and this is not always practicable.

Estimation of contamination fields by such methods should be considered useful to no more

than an order of magnitude.

7. DOSE RATE CALCULATIONS

Calculations of nuclide inventories may be used to generate dose rate estimates. The

usual method is to use a simple geometry approximation and to take into account gamma

scattering by the use of buildup factors. In some cases dose measurements are the only

measurements available to check the adequacy of activation calculations. In these cases, care

should be exercised to ensure that the approximations inherent in the dose calculation method

are adequate. This is especially a problem for complex or multilayer geometries.

In some countries, high neutron flux research reactors have been in operation for

several decades and may need refurbishing or a decommissioning plan prepared in stages.

To assist this planning, design engineering staff need basic input from operational physicists

regarding estimated gamma radiation dose rates from various neutron-irradiated structural

components of the reactor. Such estimates would also be needed if some parts of the reactor

are to be replaced for extending reactor life. For such requirements a detailed analysis of

the radioactive inventory in the structural components may be of lesser importance, but order

of magnitude estimates of the surface gamma radiation fields would be a more direct

requirement. The surface gamma fields.may also dictate the specific process for waste

disposal of the components.

The estimation of surface gamma radiation fields would need data on the following:

(i) Region dimensions and material of construction from construction drawings,

(ii) Alloying or impurity elements present in the material,

(iii) Neutron flux spectra in the regions.

(iv) Few group condensed neutron cross sections for (n,7), (n,a), (n,p), (n,2n)

reactions for the target nuclides of the structural component.

(v) Reactor operating history.

Depending upon the radiation cooling times available from the time of plant shutdown,

activated radionuclides of different half-lives (usually greater than a few days) would need

inclusion in the analysis.
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Since the structural components may contain air gaps, coolant tubes, fasteners etc. as

well as different materials of construction, it may not be simple to model the structural

components for neutron activation analysis. Multiregion, few-group diffusion analyses for

the neutron flux spectra and appropriate few-group activation cross sections can yield a first

order estimate of the concentration of radioactive nuclides. These data in conjunction with

gamma photon data available for line spectra, buildup factors and dose conversion factors can

be used with slab/cylinder geometry expressions with volumetric gamma source terms to

arrive at surface gamma radiation fields. These estimates would be useful for arriving at

criteria and codes applicable to decommissioning jobs.

8. SAFETY ASSESSMENT

The ultimate aim of the calculation of radioactive inventories for the decommissioning

process is to ensure safety for the workers during the material handling (minimization of

worker dose) and to ensure safe disposal of the waste. The safety concern cannot, of course,

be addressed only by itself, since the decommissioning cost must also be addressed. These

concerns together create the need for accurate assessment of the nuclear inventories.

For safety during the decommissioning process itself, standard health physics processes

will be followed to ensure that the calculated or estimated radiation fields are accurately

determined. Measurements of doses can be performed in the working environment so the

dependency on the calculated inventories is primarily one of allowing for adequate

preparation for the job, i.e. efficient and safe procedures developed beforehand can be

carried out with a minimum of modifications necessary at the time of job execution.

For the problem of safety of long-term disposal, assessment of long-lived nuclides with

potential for entering the environment is necessary. Limits on these nuclides have been set

in some countries based on perceived future hazards. These include removal of radionuclides

from the repository into the ground water and recycling of irradiated materials for new uses.

The task of setting and enforcing such limits is complicated by the difficulty in measurement

of some of the most important radioactive nuclides which do not emit gamma radiation. It

is clear that further developments in safety assessments of these nuclides will lead to better

defined rules for assessment, especially for waste with the higher levels of long-lived activity,

and these rules will be based on verified measurement methods and verified calculation

techniques. The latter point will remain essential because much of the inventory assessment

will continue to depend on calculation for these materials because of the high cost of

measurements in this case.
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9. RECOMMENDATIONS

Decommissioning of fission reactors becomes a field of increasing importance as the

number of reactors and their service years grow. The Advisory Group Meeting organized

by IAEA Nuclear Data Section aimed to assess the status of nuclear data used in calculations

made at different stages of fission reactor decommissioning.

Having reviewed these and other pertaining subjects, the members of the Advisory

Group discussed calculation techniques, nuclear reactions that have to be taken into account,

the availability and quality of nuclear data, accuracy of calculations and measurements and

needs for their improvement.

The Advisory Group recognizes, that nuclear data will play a significant role in

assessment of activity inventories of nuclear reactors decommissioning by calculation.

The presentations by members of Advisory Group have shown the generally accepted

procedures and the scope of necessary cross-section data that are important for this purpose.

It has been recognized, that uncertainties in material composition, especially those of

trace impurities, are the primary source of errors in calculated activity inventories. At the

same time neutron transport calculations and activation calculations require verified sets of

multigroup cross-section data, tested for deep penetration cases (steel vessel and concrete

biological shield). The reactions and nuclides of primary importance for safe handling and

for final disposal have been identified for further analysis.

Though most calculational techniques used are similar in their approach and

procedures, there are several modifications, suggested in the presentations, which could lead

to improvement of results or to simplification of calculations, but need verification and

testing in a benchmark calculation project.

The Advisory Group recommends several actions to be implemented in order to

improve the nuclear data and the methods of their use for calculation of radioactivity

inventories and dose estimates necessary for fission reactor decommissioning. These actions

are:

1. Compilation by IAEA of a compendium of international data on impurities in

reactor materials.

2. Fine group library of activation cross sections to be prepared by IAEA for

processing to a desired group structure by the end user.
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3. IAEA to co-ordinate the production of a flexible computer code for activation
calculations for decommissioning.

4. IAEA to evaluate the applicability of the JPDR data on PV steels and concretes
as a benchmark for the accuracy of calculations. If appropriate, to distribute
these data for test purposes.
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