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Neutron radiation from the JANUS reactor at Argonne National Laboratory

is being used with increasing frequency for major biological experiments. The

fast neutron spectrum has a Kerma-weighted mean energy of 0.8 MeV and low

gamma-ray contamination. In 1984 the JANUS fission converter plate of highly

enriched uranium was replaced by one made of low-enriched uranium.

We recorded microdosimetric spectra at several different positions in the

high-flux irradiation room of JANUS before the change of the converter plate.

Each set of measurements consisted of spectra taken at three different site

diameters (0.5, 1.0, and 5.0 urn) and in both "attenuator up" and "attenuator

down" configurations. At two conventional dosimetry reference positions, two

sets of measurements were recorded. At three biological reference positions,

measurements simulating several biological irradiation conditions, were taken.

The dose rate at each position was estimated and compared with dose rates

obtained previously by conventional dosimetry. Comparison of the different

measurements showed no major change in spectra as a function of position or

irradiation condition.

First results from similar sets of measurements recorded after the

installment of the new converter plate indicate no major change in the

spectra.
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INTRODUCTION

The JANUS reactor has been used for a number of biological experiments

over the last several years. At the beginning of 1984 we were notified that

the Fission Converter Assembly (FCA), which was composed of highly enriched

uranium, had to be replaced with an assembly constructed of low enriched

uranium. It is essential not only to repeat all the spectrometry and dosi-

metry studies conducted more than a decade ago, but also to design and perform

studies that will reveal any differences in biological response due to changes

in the neutron source. Tnis paper describes only those microdosimetric meas-

urements made before and after the FCA replacement.

The JANUS High Flux Room

The room in which all biological experiments are carried out is the High

Flux Room, which is approximately 4.4 in long, 2 m wide and 2 m high. It is

used for the irradiation of up to 400 mice in a single loading and also for

cell culture experiments.

The reactor has a fully enriched 2 3 5U core, moderated by light water, and

runs at variable power levels up to 200 kW thermal. The core is situated

between two graphite thermal columns, each of which ends in a large port

through which the neutrons pass into an irradiation room. The reactor core is

asymmetrically placed between the two ports so that the emerging thermal

neutron fluxes differ by a factor of approximately 3000. At the present time,

only one of two irradiation rooms, the High Flux Room, is used for radiation

biology. Pneumatically actuated shutters inside the port allow the room to be

used for setting up apparatus while the reactor is operating, with an exposure

rate to personnel of less than 0.5 mSv.h"! from fast neutrons. When the
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shutters are opened, a curved FCA, approximately 1 m high by 3.5 m long, is

raised into the port. The old FCA contained enriched 2 3 5U, which interacts

with the thermal neutrons from the reactor to produce fission neutrons. The

fission neutrons then pass through 5 cm of lead into the irradiation room.

The new FCA contains the same mass of 2 3 5U diluted with approximately 130 kg

of 238u.

The High Flux Room is lined with 10 cm of lead to reduce the exposure

rate from gamma rays produced by neutron interactions in the concrete. In

addition, there is a layer of borated hardboard, 10-cm thick, between the lead

and the concrete on the walls and floor and a layer of special borated-bauxite

concrete, 25 cm thick, above the lead ceiling (Figure 1). These borated

materials effectively reduce the flux of thermal neutrons in the room caused

by the moderation of fast neutrons in the concrete. A Boral ® plate across

the port absorbs unconverted thermal neutrons from the reactor, and a graded

attenuator plate between the thermal column and the converter plate can be

used, optionally, to optimize the neutron kerma distribution in the room.'*'
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MATERIALS AND METHODS

The proportional counter used for the measurements is a 12.7 mm diameter

spherical tissue-equivalent linear energy transfer (LET) counter manufactured

by Far West Technology* and follows the specifications of H. H. Rossi of

Columbia University. The counter has an internal 2l+1*Cm - alpha source with a

mean energy of 5,8 MeV, which is used for all the calibrations. Measurements

made before the converter plate change used only methane tissue equivalent

(TE)-gas. First measurements after the change were made with both methane and

propane TE-gas. The composition of the methane TE-gas was 64.4% methane,

32.4% CO2, and 3.2% N£« The composition of the propane TE-gas is 55% propane,

39.6% CO2, and 5.4% N£. The correction factors for the W-value, the average

energy required to produce an ion pair, and the stopping power value used were

taken from M. Varma'^), for methane TE-gas, the correction factor for the

W-value was 0.97 for the neutron measurements and 1.06 for gamma-ray measure-

ments; for the propane TE-gas, the corresponding values are 0.99 for the

neutron measurements and 1.04 for gammc-ray measurements. The stopping power

for the 5.8 MeV alpha particles was 81.7 for the methane TE-gas and 85.1 for

the propane TE-gas.

For the measurements a continuous flow system was used similar to the one

described by H. H. Rossi(3). The system is pumped for about 24 hours, then a

steady flow is maintained, keeping the pressure inside the counter at the

required value for 12 hours before any measurement is made. This procedure

ensures that the plastic walls are saturated with tissue-equivalent gas.

Measurements can thus be carried out over many hours and even days with less

* Far West Technology, Inc., 330 D South Kellogg, Goleta, CA 93017.
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than a 1% change in the peak position. Each measurement consisted of at least

three different gain settings. The background (noise) spectrum was measured

separately. A specially written computer program combines the different gain

settings, subtracts the noise spectrum, performs alternative extrapolations to

zero event size, then calculates microdosimetric values, the dose rate, the

percentage of the low-LET contribution, and finally produces normalized

graphs.

Three different extrapolation procedures were performed:

1. Zero slope extrapolation from the lowest measured y value to zero

event size.

2. Linear negative slope extrapolation to 30 eV, then zero slope extra-

polation to zero event size.

3. Exponential extrapolation to 30 eV, then zero slope extrapolation to

zero event size.

for the extraplation to 30 eV, between 40 and several hundred points

were used, depending on the highest gain setting applied.

Because the microdosimetric system was completed only shortly before the

converter plate change, at a time when the computer program had not been

written, all measurements were taken without concurrent data analysis. Later

the results showed an unfortunately high noise level (about 0.55 KeV.y'i).

This level has so far been reduced to about 0.3 KeV.y"1. This reduction in

noise was achieved by keeping the connection between the proportional counter

and the preamplifier as short as possible and by removing the input coupling

capacitor and the protective diodes across the input field effect tran-

sistor (FET) in the ORTEC 142PC preamplifier.

Measurements were also made with a 60Co gamma source.
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The measurements of the JANUS neutrons before the FCA change were made at

three different site diameters: 0.5, 1.0, and 5.0 pm. The first measurements

after the FCA change were restiicted to a site diameter of 1.0 urn. Most of

these measurements were made with methane TE-gas to allow for a direct compar-

ison with the original data, however, several measurements were later repeated

with propane-TE gas.

The JANUS neutron microdosimetric spectrum was measured at five different

positions within the High Flux Room of the reactor and under several different

conditions (Figure 1). The conditions were as follows: attenuator up vs.

attenuator down, methane vs. propane TE-gas, three different site diameters;

with and without phantoms. At position 0-0-100 (see Figure 1) the change in

spectrum as a function of water depth was recorded. At position 8, which is

one of the mouse irradiation positions, a TE plastic cap made from A-150

tissue equivalent plastic '^) was placed on the proportional counter, which in

one case had similar mass and in the other case had a similar volume to a

mouse. In positions 5 and 8 the measurements were made with mousa phantoms in

position under circumstances simulating standard exposure conditions.
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RESULTS

The problem encountered with noise level required careful evaluation of

the results. At these low y-values, nearly all of the energy deposition can

be attributed to gamma rays. A 60Co-gamma spectrum was therefore taken to

determine the best extrapolation.

Cobalt gamma rays

The spectra were taken at a site diameter of 1 vm with both propane and

methane TE-gas. The lowest measured y-value for propane TE-gas was

0.24 KeV.u"1 . From this data, the yp, (frequency mean lineal energy), y^

(dose mean lineal energy) as defined in the ICRU report 36^ 5), and the dose

rate were calculated by using zero slope, linear, and exponential extrapola-

tions. Both the linear and the exponential extrapolation dose rate estimates

were close to the dose rate determined from an ionisation chamber measurement.

The yp and the yp, determined from the exponential extrapolation, however,

agreed better with the values reported in the literature (*>»(>). By increasing

the cutoff level stepwise from 0.24 to 1.14 KeV.p"1 and comparing the differ-

ent extrapolation results, we hoped to determine which of the extrapolations

was the most reliable. The extrapolated values are given in Table 1 together

with the methane TE-gas data and the dose rate determined by the ionisation

chamber. Our results indicate that exponential extrapolation offers the best

prediction of experimental data. However, none of the extrapolation proce-

dures was able to predict accurately the parameters from high cutoff levels.

The difference iii dose-rate estimates between a cutoff at 0.24 vs. a cutoff at

1.14 KeV.u"i resulted in an underestimation of 22% for exponential, 32% for

linear, and 38% for zero slope extrapolations. The yp and yg results of the

exponential extrapolation at the 0.24 keV.y"1 cutoff, namely 0.42 and 2.13,
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respectively, are in good agreement with generally reported res1Its. In the

following discussion, therefore, only linear and exponential extrapolations

will be compared.

JANUS Neutrons

The results of the JANUS neutron measurements are given in Tables 2, 3,

and 4 for the three site diameters and the different positions inside the High

Flux room. In Table 2, which represents measurements at 1.0 ym site diameter,

measurements made in 1984 are shown together with measurements made in 1985.

The y-spectrum was separated into two components, low LET and medium-to-high

LET. The yp, yg and individual dose rates were calculated for y separation

values ranging from 4 to 8 KeV.u . The low LET contribution to the total

dose increased from 4 to 5.5% over this range. The dividing y-value was

chosen to be 6 KeV.y"1, which is between the value used by Booz and Poli (7)

(3.5 KeV.u'1) and the one used by Oicello et al. (8) (10 KeV.u"1)- At this

value, the contribution to the dose from gamma rays and protons is similar.

At the 1 pni site diameter before the FCA replacement the values for the low-

LET component were yp = 0.61 ± 0.14 and yp = 1.81 + 0.40 for the linear

extrapolation and yp = 031 + 0.09 and yp = 1.29 ± 0.43 for the exponential

extrapolation. After the change, the corresponding values for linear extrapo-

lation were yF = 0.40 + 0.08 and yD = 1.49 + 0.25. for exponential extra-

polation yp = 0.18 + 0.05 and yD = 1.0 + 0.28. These values were compared

with the corresponding values for 60Co gamma rays between 0-6 KeV.y"1, which

were yp = 0.47 and yQ = 1.45 (linear extrapolation) and yp = 0.38 and

y0 = 1.39 (exponential extrapolation) to identify the low-LET component of the

spectrum. The values for the medium-to-high LET component were: yp = 41.9 ±

1.8 and 7 D = 6b-1 ± 2-9«
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From Tables 2-4, we can see a major problem with the low LET extrapola-

tion. For the dose rates for pure 60Co-gamma radiation, the maximum differ-

ence between low and high cutoff level was between 22 and 38%. For the JANUS

neutron radiation, the low LET dose rate difference is, in many instances,

much higher.

In Table 5, the dose rates determined from ionisation chamber monitor

readings are given for the different irradiation positions and for the attenu-

ator up and down positions, as well as for different reactor power levels.

The dose rates determined from microdosimetric calculations (Tables 2-4)

average about 9% lower for the 1 and 0.5 pm site diameter data. For the

5.0 urn site diameter, they are about 40% lower.

Figure 2 (a and b) illustrates several dose distributions at 1 pm site

diameter at different positions inside the room before and after the converter

plate replacement. The only change observed in the new distribution was the

shift to lower values for the low LET component, which could be consistent

with an increase in the energy of the gamma radiation. This phenomenon will

be studied further. Otherwise, there was no change in the dose distribution

as a function of position or condition of irradiation. Figure 3 gives repre-

sentative dose distributions at 0.5 and 5.0 vim site diameters. These distri-

butions were also rather consistent.

At position 0-0-100, we took measurements inside a 16 cm water cube using

a site diameter of 1.0 f,m. The effect on microdosimetric distribution is

shown in Figure 4 and Table 2. There is a large increase in gamma-ray contri-

bution to the dose as a function of water depth. The gamma-ray contribution

determined from the microdosimetric measurements at depths 1, 5, 10, and 15 cm

were compared with ion-chamber measurements reported in 1972 (*). The garnma-

to-neutron dose ratio calculated from the individual measured contribution to
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the dose agrees well with the gamma-to-neutron dose determined from the micro-

dosimetric measurements. This figure shows the ratio of gamma-to-neutron dose

while the table presents the percentage low LET component as determined from

the ratio to the total dose. The gamma dose contribution goes through a

maximum in the middle of the cube. The increase in neutron contribution at

15 cm depth is due to the contribution of backscattered neutrons from the lead

wall. The neutron and gamma dose rates in the figure are values obtained from

the ionisation chamber measurements at a reactor power of 200 kW.
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DISCUSSION

The most important result of this investigation is the lack of any sig-

nificant change in the microdosimetric distribution as a function cf position

inside the JANUS High Flux room. Previous measurements of neutron energy

spectrum with 500 mouse phantoms in a different geometry ^ indicate the

effects of neutron scatter by the phantoms. Such a shift in neutron energies

might be expected to hsve a negligible effect on biological response, and this

is confirmed by microdosimetry. The TE-plastic cap, with which the counter

has been covered, also did not introduce any large change, indicating that the

mass of a mouse is not sufficient to perturb the spectrum significantly. No

differences were observed in the spectra measured inside the incubator and

that measured with no incubator.

The first results after the FCA change seem to indicate a change in the

low-LET distribution. The nature of the change points to an increase in the

gamma-ray energy. We plan to measure the influence of the converter plate on

the microdosimetric gamma-ray distribution by lowering the converter plate out

of the neutron beam.

The only observation which differed significantly from the rest was that

taken inside the water phantom. However, this difference was in the relative

gamma-ray contribution and not in the spectral distribution itself. For

irradiation of large animals, however, this factor should be considered. The

yo values calculated from the spectra above 6 KeV.y"1, compare well with the

other 1.0 um site results. The yp and yD values determined from the spectra

below 6 KeV.y"1 are similar to 60Co gamma-ray values in the same microdosi-

metric range. The lack of change in the intermediate LET distribution might

be attributed to the broad neutron energy distribution where small changes in
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this spectrum will not produce a significant change in the microdosimetric

distribution.

The large variation in the predicted low-LET contribution to the dose and

its strong dependence on the lowest y-value measured do not allow for a con-

clusive estimate of the gamma-ray component. The mean values determined are,

however, close to the 3-6% estimated by ionisation chamber measurements.

The spectra reported here agree quite well with two previous measurements

made by Borak and Stinchcomb, one in air and one in a water cube '10). They

compared measurements with calculations derived from the neutron energy spec-

trum. They concluded that due to stoppers and starters especially from the

heavy ion recoils, the dose from these high LET particles will be underesti-

mated. However, for large site diameter simulations this problem will extend

into the intermediate LET region. The maximum L^ of protons is about

85 KeV.ti"1, which results in a y m a x of about 128 KeV.vT1 (3). Thus, for site

diameters larger than 1 urn, many protons, which are the main contributors to

the dose, may not always traverse the counter and will therefore give rise to

stopping and starting particles that are incorrectly analysed. This factor

might explain the very large difference in dose rate estimate between ionisa-

tion-chamber measurements and microdosimetric calculations for the 5 v site

diameter.

Furthermore, the difference in composition between wall and gas, espe-

cially for propane TE-gas ( H ) will affect the charged particle production

spectra, since there is more carbon and less oxygen in the wall than in the

gas.

Additionally, for the ion-chamber dosimetry, a variable W-value was used,

while in this case a constant W-value was applied. It should be noted that

all JANUS dosimetry is, at present, undergoing a major revision to incorporate
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currently recommended W-values and to reconcile measurements made with various

ionisation chambers over a time span of 20 years. It is thus too early to

draw strong inferences from comparison of microdosimetric aid ionisation-

chamber measurements.

Generally, the results of the 0.5 and 1.0 ym site diameter measurements

are very encouraging. The advantage of microdosimetric spectrum measurements

is that in addition to being able to estimate the dose rate and the low LET

component one can obtain spectral distribution information, which is of great

importance for biological measurements. However, the extrapolation to zero

event size must be more carefully investigated. It is definitely recommended

that every microdosimetric measurement be accompanied by conventional dosi-

metric measurements to provide a positive control of the results.
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LEGENDS

Table 1. Microdosimetric values and dose rate estimates for different

extrapolation procedures as a function of y-value cutoff for

60Co-gamma rays.

Table 2. Summary of microdosimetric values for linear and exponential

extrapolation for 1.0 pm site diameter.

Table 3. Summary of microdosimetric values for linear and exponential

extrapolation for 0.5 pm site diameter.

Table 4. Summary of microdosimetric values for linear and exponential

extrapolation for 5.0 \im site diameter.

Table 5. Dose rate estimates from ionisation chamber monitor readings for

the different positions and conditions inside the JANUS High Flux

Room.

Figure 1. Horizontal section ofthe JANUS High Flux Room. The five

different measurement positions are showm. The open rectangles

indicate the mouse frames.

Figure 2(a+b). The dose distributions for 1 ym site diameter as a function

of position inside the High Flux Room and for different

irradiation conditions.

Figure 3. The dose distributions for 0.5 and 5.0 um site diameter.

Figure 4. The gamma-to-neutron dose ratio. A comparison between ionisation

chamber measurements and microdos"metric meausrements. The solid

triangles in the gamma-to-neutron dose rate curve represent the

microdosimetric results.



TABLE 1 60Co-Gamma

Zero Slope Extrapoi.

Lowest _ _ Dose Rate
y-Value yF yn (cGy.min"*)

Linear ExtrapoT.
_ Dose Rate
yD (cGy-min"1)

Exponential Extrapoi.

_ Dose Rate
p yD (cGy.min'1)

a) ProDane TE-gas - Feb. 1985

0.24
0.34
0.54

0.74
0.94
1.14

0
0

0

1

1

1

.57

.67

.90

.08

.27

.46

2.26
2.39
2.68

2.90
3.11
3.33

0.066
0.062
0.054
0.050
0.045
0.042

0.52
0.59
0.76

0.87
0.96
1.13

2
2

2

2
2

3

.23

.32

.57

.68

.87

.05

0.067
0.064
0.057
0.054

0.051
0.046

0.42
0.45
0.58
0.64

0.71
0.81

2
2

2

2

2

2

.13
.18

.39

.48

.57

.72

0.070
0.068
0.062
0.059
0.051
0.053

b) Methane TE-gas - April 1984

0.546 0.90 2.74 0.063 0.79 2.65 0-065 0.58 2.41 0.0722

c) Ionisation chamber monitor reading:

-1April 1984: 0.0742 cGy.min

Feb. 1985: 0.0674 cGy.min"1



TABLE 2 . 1 MICROMETER SITE DIAMETER

Comments

All frames in

»

All frames in

»

80 phantoms
400 phantoms

80 phantoms
400 phantoms

Water depth

1 cm
5 cm

10 cm
15 cm

Position

0-0-169

0-0-100

»
»

pos-5-

"

pos-8-

"

pos-8-mass cap
"

pos-8-volume cap
"

Incubator bot. shelf
II •• H

Incubator top shelf
" " "

Incubator position
M i ,

n II

II II

Mean values

0-0-100
0-0-100
0-0-100
0-0-100

Power
(kW)

5
25

5
5
5

5
5
5
5
5
5

5
5
5
5
5

5
5
5
5

5
25

5
25

5
25

5
25

5
25

5
5

5
S
5
5

Atten.

down
up
down

"

down
up
down
up
down

down
up
down

"
"

down
up
down

11

down
up

down
up

down
up

down
up

down
up
down

"

down
down
down
down

Lin .

16.7
19.7
17.1

5.9
7.8

14.0
11.7
4.9
5.4
4.9
J.7

U . 6
8.3

13.4
3.3
5.6

12.8
11.4
5.3
7.9

18.3
18.6

17.2
18.7

7.0
6.9

7.3
7.4

7.6
7.7
4.5
7.5

10.2
+ 5.0

7.1
3.5
1.7
2.2

Exp.

7.6
8.9

12.0
2.4
2.9

7.7
6.4
1.8
1.4
1.3
3.0

6.3
3.1
7.5
0.7
1.2

6.5
6.3
1.6
2.7

7.6
8.9

7.6
10.0

2.2
2.1

2.1
2.2

2.1
2.0
1.2
2.2

4.4
t 3.2

4.8
2.4
1.1
1.2

yo
Lin.

60.9
60.8
63.1
61.6
62.2

61.7
59.4
61.3
59.7
62.4
63.8

60.4
59.0
63.0
61.6
63.4

60.7
60.1
64.0
64.9

62.8
62.6

62.3
62.4

59.6
59.2

59.6
59.8

60.6
60.6
62.8
64.2

61.6
i 1.6

60.3
52.1
45.5
52.2

Exp.

60.1
59.9
62.9
60.2
60.9

61.2
68.9
59.6
67.5
59.3
62.5

59.7
57.5
62.6
55.8
59.4

60.0
59.3
61.6
63.3

61.8
61.7

61.3
61.6

56.8
56.2

56.6
56.8

57.4
57.2
59.6
62.1

59.7
t 2.2

59.8
51.0
43.8
50.0

Dose Rate
(cGy.min"1)

Lin.

1.230
0.955
1.216
1.251
1.238

0.570
0.109
0.570
0.108
0.586
0.573

0.359
0.0781
0.356
0.392
0.381

0.363
0.0732
0.396
O.390

0.342
0.280

0.313
0.260

0.443
0.374

0.456
0.385

0.479
0.409
0.494
0.483

0.510
0.282
0.165
0.155

Exp.

1.247
0.970
1.220
1.281
1.265

0.574
0.110
0.588
0.113
0.617
0.686

0.363
0.080
0.358
0.433
0.406

0.367
0.074
0.411
0.400

0.348
0.285

0.318
0.263

0.465
0.394

0.481
0.405

0.510
0.430
0.521
0.499

0.515
0.289
0.171
0.162

I Low LET.
{0-6 keV.u"1)
Lin.

2.8
2.5
2.6
5.6
4.6

3.1
3.8
5.6
5.2
6.3
4.2

3.4
4.7
3.1
9.2
6.6

3.4
4.0
6.1
4.7

2.8
3.0

3.2
3.2

6.0
6.2

5.7
6.7

5.4
6.3
7.2
5.2

4.7
± 1.6

7.9
17.6
29.4
20.6

Exp.

4.1
4.0
2.9
7.8
6.6

4.0
4.7
8 .3
8.7
11.0
6.2

4.5
7.1
3.7
17.8
12.4

4.6
5.4
9.6
7.0

4.5
4.4

4.7
4.4

10.4
11.0

10.5
10.4

10.4
10.6
12.0
8.2

7.6
i 3.4

8.8
19.4
32.0
24.0

Lowest
y-value

(keV.u-1)

0.75
1.00
0.48
0.29
0.32

0.48
0.40
0.25
0.25
0.29
0.31

0.46
0.44
0.33
0.29
0.33

0.47
0.44
0.29
0.33

1.03
1.03

1.02
1.04

0.56
0.56

0.57
0.57

0.57
0.57
0.29
0.35

0.51
0.49
0.35
0.35

Date

12-Apr-84

05 Feb-84
06-Feb-85

"

30-Har-80

Ol-Feb-86
31-Jan-86
06-Feb-8i
06-feb-86

30-Mar-84
"

04-Feb-85
06-Feb-85

"

30-Mar-84

07-feb-85

12 Apr-84
"

12 Apr-84
"

06-Apr-84
"

06-Apr-84

06-Apr-84
II

06-Feb-85

05-f eb-85
05-Feb-85
Q4-t:eb_85
05-Feb-85

TE-gas

Methane

11

Propane
11

Methane
11

Propane
"

Methane

"
Propane

Methane

Propane
"

Methane
"

Methane
"

Methane
"

Methane
"

Methane
"

Propane

Methane



TABIE 3 . 0.5 HICROMETER SITE DIAMETER

Comments

All frames
No frames
All frames

80 phantoms
400 phantoms

80 phantoms
400 phantoms

Position

0-0-169

0-0-100

pos-5-

pos-8-

pos-8-mass cap

pos-8-volume cap

Incubator top

Incubator bottom

Mean values

Power
(kW)

5
5
5

25

5
5

5
5

5
5
5

5
25

5
25

5
25

5
25

Atten.

down

up

down
up

down

up

down

up

dov. i
up

down

up

down

up

down
up

V(
Lin.

30.0
27.7
23.4
25.4

28.7
12.1

31.8
28.1

JO.7
23.7
29.0

19.1
33.8

32.1
31.5

25.4
23.9

25.0
24.7

26.9
t 5.1

Exp

28.
26.
18.
24.

25.
1.

29.
23.

28.
25.
25.

10,
32.

30
30

23
21

22
22

26
± 5

2
1
5
2

>

4
.3

,9
,1
,9

.6

.8

.7

.3

.2

.5

.7

.7

.0

.1

YD
Lin.

66.2
64.9
64.6
62.6

66.7
62.7

67.4
66.9

67.5
68.6
66.1

66.3
68.5

69.1
66.9

65.2
64.6

65.4
65.0

66.1
± 1.8

Exp.

66.1
64.8
46.2
62.5

66.4
46.0*

67.2
66.4

67.4
68.3
65.8

64.3
68.4

68.9
66.8

64.9
64.3

65.2
64.8

65.9
t 1.7

Dose Rate
(cGy.min"1)
Lin. Exp.

1.220
1.250
0.227
1.040

0.566
0.119

0.373
0.0819

0.378
0.411
0.0751

0.361
0.282

0.322
0.257

0.462
0.386

0.453
0.385

1.220
1.252
0.228
1.040

0.569
0.163

0.374
0 .0824

0.379
0.413
0.0754

0.372
0.283

0.322
0.257

0.463
0.387

0.454
0.386

% Low LET
(0-6 keV.u"1)
Lin. Exp.

2.1
2.5
3.6
2.9

2.5
7.7

2.2
2.8

2.4
2.7
2.7

6.0
1.9

2.2
2.2

3.5
3.9

3.6
3.7

3.2
i 1.4

2.3
2.7
4.4
3.1

3.0
32.6T

2.5
3.1

3.1
3.1
2.6

9.0
2.0

2.4
2.3

3.8
4.3

3.9
4.0

3.4
± 1.6

Lowest
y-value
(keV.u'1)

2.67
2.71
2.08
2.55

2.40
2.00

2.48
3.46

3.46
3.11
2.45

2.38
3.34

2.85
3.39

2.85
2.58

2.73
2.59

Date

31-Mar-84
05-Apr-84
31-Mar-84
05-Apr-R4

31-Mar-84

31-Mar-84

31-Mar-84

ll-Apr-84

ll-Apr-84

05-Apr-84

05-Apr-84

TE-gas

Methane

»

II

II

II

Linear extrapolation was the best f i t .
Value not included in the mean.



TABLE 4. 5 MICROMETER SITE DIAMETER

Comments

Empty

Empty
it

1 frame

Position

0-0-169

0-0-100

pos-5-

pos-8-

pos-8-

Incubator

Mean values

Power
(kW)

5
5

5
5

5
5

5
5

5
5

5
5

Atten.

down
up

do>-.'n
up

down
up

down
up

down
up

down
up

Lin.

11.8
8.4

9.5
10.3

9.5
10.2

9.0
11.3

9.3
11.3

8.5
10.5

10.0
± 1.1

Exp.

7.0
3.4

5.5
D.3

5.4
6.9

5.4
7.7

5.6
7.5

4.6
5.9

5,
t I.J

Lin.

47.7
45.3

45.6
45.1

43.7
43.7

43.9
42.8

42.8
43.2

43.3
43.4

44.2
± 1.4

Exp.

46.8
43.1

44.5
43.7

42.7
43.1

42.9
42.2

41.8
42.5

42.0
42.6

43.2
± 1.1

Dose Rate
(cGy.min'1)

Lin. Exp.

0.904
0.165

0.376
0.0727

0,252
0.0529

0.261
0.0494

0.245
0.0483

0.283
0.0553

0.920
0.174

0.386
0.0751

0.258
0.0540

0.267
0.0502

0.251
0.0492

0.292
0.0560

% Low LET
(0-6 keV.g'1)
Lin. Exp.

6,6
9.1

8.9
8.6

8.5
8.3

9.1
8.2

9.1
8.0

9.6
8.5

8.5
± 0.8

8.3
13.5

11.1
11.5

'0.5
y.6

11.2
9.6

11.1
9.6

12.4
10.1

10.7
± 1.4

Lowest
y-value
(keV.u"1) Date

0.99 28-Mar-84
0.99

1.05
1.38

0.90 "
0.90

1.0
1.28

0.99
1.36

0.97
1.22

TE-gas

Methane

«

"

II



TABLE 5. Ionisation chamber monitor readings

Position

0-0-169
II

II

0-0-100
II

II

Power
kW

5

5

25

5
5

25

Atten.

Down
Up

Up

Down

Up

Up

Dose Rate
(cGy.min'l)

1.361

0.272

1.139

0.627
0.125

0.525

Position

Incubator
ii

ii

Pos: 5, 8
n

ig

Power
kW

5
c

25

5
5

25

Atten.

Down

Up

Up

Down
Up

Up

Dose Rate
(cGy.min"!)

0.481

0.096

0.403

0.435
0.087

0.364



All Dimensions ( ) in cm

(10) Borated Hardboard

(5) Lead Wall

Converter Plate
(375 x 120 x 0.2)

Incubator 0-0-169

0-0-100

(18) Lead Wall

/ V (266) Radius

• Detector Position

Attenuator Plates

Concrete

(10) Borated
Hardboard

Figure I
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