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Source Stored Above the Detector
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Calibration sources for the Sudbury Neutrino Observatory, such as the *>2Cf spon-
taneous fission source, may produce v-rays with a wide range of energies. There is a

_possibility that the 2°2Cf source will be stared in the deck area above the detector, either

directly overhead or off to one side. In either case, it is necessary to know the number of
high-energy 7-rays reaching the D,0 from the source, since such photons may disinte-
grate deuterons (neutral-current background) or produce Compton-scattered electrons
(charged-current and elastic-scattering backgrounds).

A spectrum (1) of the y-rays produced by 2°2Cf is shown in Figure 1, and a table of
the y-ray production rates used in later calculations is given in Appendix A.

Analytical calculations of the attenuations of y-rays produced by a source at the
top of the neck of the detector were performed by David Buchan (2) using the detector
geometry shown in Figure 2. Only y-rays of integral initial energies from 1 to 8 MeV were
considered. These calculations were repeated with the air in the neck of the detector
replaced by a vacuum to verify that this would be an acceptable approximation in a
Monte Carlo simulation. The results of both sets of computations appear in Appendix B.

Such analytical calculations yield only the number of y-rays of the original energy
which survive the passage through the detector. Their results do not include lower-
energy photons which arise from the interactions of the high-energy <v-rays with the
detector materials.

To obtain more complete results, a Monte Carlo simulation was performed using
the EGS4 (Electron-Gamma. Ray-Shower, version 4) code (3). The geometry chosen to
represent the detector is depicted in Figure 3. Gamma-ray showers with integral initial
energies were started at the top of the neck of the detector.

The original intention was to histogram all y-rays with energies greater than or equal
to 2 MeV crossing the boundary of the D,0. However, because of the large distances
involved, very few v-rays survived the passage through the detector. In order to cut
down on the required computer time, several spherical histogramming shells, concentric
with the acrylic vessel, were placed between the vacuum-filled neck and the D20, and the
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DQO ACI’yilC

232Th conc. (g/g) | 11 x 10715 [ 1.9 x 10~1?
2387 conc. (g/g) | 11 x 10715 [ 3.6 x 10712

#12B; B-vs/year 904596 4687454
WA Boys/year | 1413444 | 7324212
24Py B-ys/year | 4315465 42370022

As some of the elements undergo many decays per year, and computer
time considerations made running more than 5,000,000 showers per simulation
impractical, fewer than a year’s worth of showers were started in some cases.
The fractions of one year’s decays that were run are shown in Table 2.

Table 2: Fractions of one year’s decays simulated

[| Element [ D,O | Acrylic ||

2M2B; | 1.0000 | 1.0000
288 | 3.5375 | 0.5000
234pa | 1.0000 | 0.1000

The resulting plots are shown in Figures 1 through 4. Figure 1 is a plot
which includes only Tl and ?Bi in the D;O and acrylic curves. Figure 2
shows the sums of all five elements in the curves. Figure 3 shows the complete
acrylic curve and separate plots of '?Bi, 8 A¢ and #**Pa in the D;0. In Figure
4, the D;0 curve includes all elements, while the three new elements are plotted
separately for the acrylic.

In both the D,0O and the acrylic, the ?**Pa makes a significant contribution
to the total background at 1.5 MeV, increasing the acrylic 2%8T1 + 2!Bi total
by about 40% and increasing the corresponding D,Q figure by about 30%. The
other two isotopes are not as important. At 2.5 MeV and higher energies, none
of the three new isotopes adds much to the totals. Because of the large 2Pa
contribution at 1.5 MeV, the acrylic background now dominates that from the
D,0 at all energies.



yrays with energies greater than or equal to 2 MeV crossing these shells were counted.
(Electrons and positrons were tracked until their energies dropped below 2 MeV, but
were not histogrammed.) The number of y-rays crossing a shell was assigned its own
square root as a standard deviation. Weighted linear regression was then performed on
the logarithms of the numbers crossing the shells to determine how many 7y-rays would
enter the D;0. These numbers were then divided by the total number of showers initiated
(5,000,000 isotropically-distributed showers at each energy) to calculate the attenuation
factors. The numbers of y-rays reaching the D;O per year were computed by multiplying
the attenuation factors by the source strength (57500 fissions/second, derived from the
manufacturer’s specifications (4)) and by the numbers of y-rays produced per Mev-fission
(see Appendix A).

Due to a lack of time, David Buchan did not rcomplete the simulation. The program
has now been finalized, and results for a source at the top of the neck of the detector
are given in Table 1.

Table 1: Number of y-rays reaching the D,0 per year for
a 252Cf source at the top of the neck of the detector

Source Attenuation Factors v-rays/year

Erergy At Original All Energies At Original | All Energies

(MeV) Energy > 2 MeV Energy 2> 2 MeV
3 (6.2+2.9) x 1071 | (1.17£0.16) x 10— 23+11 425158
4 (1.2040.17) x 10-9 | (2.6440.24) x 10-8 196128 43104390
5 (7.11£0.77) x 10~° | (1.46+0.10) x 10~7 | 258+28 50804360
6 | (2.7410.25) x 10~® | (4.584:0.26) x 107 | 447441 | 74804420
7 (7.1740.55) x 108 | (1.0340.05) x 10~6 182+14 2620+130
8 (1.51£0.10) x 10~7 | (1.86£0.09) x 10— 55144 675+33

A rough differential spectrum was created by distributing equally, among all energies
between 2 MeV and the source energy, the number of 7-tays reaching the D,0 at energies
lower than that of the source. The resulting spectrum is shown in Table 2.




Table 2: Differential spectrum of y-rays reaching the D0
for a #52Cf source at the top of the neck of the detector

Energy (MeV)

v-rays/year

00 -3 O v o Lo N

64201270
60401230
4150+170
2610£120
10404150
286+£15
5514

The attenuation factors and numbers of y-rays per year for the original energies agree
very well with the analytical results given in Appendix B. The program may therefore

1

be used with confidence for sources at different positions.

The simulation was repeated with the source at the edge of the neck of the detector
(coordinates (75, 0, 1255.98) cm, taking the centre of the acrylic vessel as the origin) and
one metre from the neck (coordinates (175, 0, 1255.98) cm). Since the largest numbers
of counts per year were obtained from the showers of 4, 5, 6 and 7 MeV initial energies,
only these energies were used in the later simulations. It was also necessary to add more
histogramming shells to obtain better statistics. The results of these calculations are

given in the next few tables.

-

Table 3: Number of v-rays reaching the D;O per year
for a 252Cf source at (75, 0, 1255.98) cm

Source - Attenuation Factors v-rays/year

Energy At Original All Energies At Original | All Energies

(MeV) Energy > 2 MeV Energy > 2 MeV
4 (3.7940.39) x 1071° | (1.1540.08) x 1078 6216 18801140
5 (2.154£0.19) x 10-° | (5.7340.35) x 10~8 |  78+7 2080130
6 (1.00£0.07) x 1078 | (2.03+0.10) x 107 164+12 3320+160
7 (2.504£0.17) x 1078 [ (4.57+0.21) x 1077 64+4 1161453




Table 4: Differential spectrum of vy-rays reaching the D,0O
for a **2Cf source at (75, 0, 1255.98) cm

Source Energy (MeV) | y-rays/year

2585 + 92 “
2585 + 92
1738 + 60
1087 + 42
384 + 16
64+4 |

i
h’

Table 5: Number of y-rays reaching the D20 per year
for a ?52Cf source at (175, 0, 1255.98) cm

s TR = T < B U XY

Source Attenuation Factors y-rays/year
Energy At Original All Energies At Original | All Energies
(MeV) Energy > 2 MeV Energy > 2 MeV
4 (2.9+4.8) x 10°13 | (6.745.5) x 10-12 | 0.05+0.08 | 1.0940.90
5 (5.24£5.2) x 1012 | (5.3£2.8) x 10~1' | 0.19+0.19 1.9£1.0
6 (3.4%2.5) x 10-11 (3.1£1.2) x 1019 | 0.56+0.41 5.1+£2.0
7 1 (1.03+0.55) x 10-1° | (2.27+0.60) x 10~° | 0.26+0.14 | 5.8+1.5

Table 6: Differential spectnu-n of v-rays reaching the D,0
for a 3°2Cf source at (175, 0, 1255.98) cm

[| Source Energy (MeV) 7-rays/year ||

33+08
33108
29+ 0.7
2.5+ 0.6
1.4+ 0.5
0.3 % 0.1

=~ o N

It is clear that the number of y-rays reaching the heavy water per year decreases
rapidly for a source away from the neck of the detector. In fact, at a distance of one
metre from the edge of the neck, the 252Cf source will no longer pose a problem.
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One may also wish to consider other v-ray sources positioned above the detector.
The v-ray specti'a, will, of course, vary for different elements, but the attenuation factors
tabulated in this report may still be used. To increase the amount of information that
may be obtained about the spectra of y-rays reaching the D,0, additional attenuation
factors have been calculated for all previously-considered starting energies and source
positions. These attenuation factors include all y-rays with energies above 2.2 MeV and,
where applicable, above 5 MeV. Combined with the factors listed above, these will yield
a more detailed differential spectrum. All these attenuation factors are presemted in

Appendix C.
Conclusion:

The analytical calculation and the Monte Carlo simulation are in good agreement
for a source placed at the top of the neck of the detector, and this similarity justifies the
use of the program for sources located in other positions at the top of the detector. The
results of such computations indicate that if the 252Cf calibration source is stored one
metre from the edge of the neck, the number of fission vy-rays reaching the heavy water
per year will be negligibly small.

Although the initial aim of this project was to determine the number of 252Cf fission
y-rays reaching the D, O for different source positions, the attenuation factors calculated
in the process can be applied to 7-rays from any source situated at the top of the detector.
With the multiple attenuation factors computed for each source position and starting
energy, it should be possible to obtain fairly detailed differential v-ray spectra.

It would be desirable to reduce the (sometimes very large) uncertainties in the at-
tenuation factors. This could be accomplished by further increasing the number of his-
togramming shells, by initiating more showers at each energy or by using weight-splitting
techniques. :



Appendix A: y-rays per MeV fission for 232Cf

These values are read from the spectrum in Figure 1.

Energy | ys/MeV-fission

2.1

0.7
0.2
0.09
0.02
0.009 -

0.0014

0.0002

00~ D L RO —




Appendix B: Results of the Analytical Calculations

different starting energies

Table B1: Attenuation factors for y-rays of

Energy | Attenuation Coefficients (cm*/g) [ Attenuation

(MeV) | Air Water Factors
1 0.064 0.070 1.65 x 10-!7
2 0.045 0.049 5.19 x 10~13
3 0.036 0.039 7.53 x 101
4 0.031 0.033 1.53 x 10-°
5 0.028 0.030 6.93 x 10-°
6 |0.025 0.028 - 1.90 x 1078
7 0.023 0.026 5.26 x 10~8
8 0.022 0.024 1.46 x 10~7

Table B2: Number of v-rays reaching the D3O per year

for a 2°2Cf source at the top of the neck of the detector

Energy | Attenuation y-rays/ y-rays/year
(MeV) Factors MeV -fission :

1. |1.65x 10-17 2.1 6 x 10°°

2 5.19 x 10713 0.7 0.7

3 7.53 x 1071 0.2 27

4 1.53 x 10-° 0.09 250

] 6.93 x 10~° 0.02 252

6 1.90 x 10-8 0.009 310

7 5.26 x 108 0.0014 134

8 1.46 x 10~7 0.0002 53




" Table B3: Number of 7-rays reaching the D;O per year for
a vacuum gap in the neck and a 252Cf source at the

top of the neck

Source Attenuation [ y-rays/year
Energy(MeV) Factors
1 1.67 x 10777 [ 6 x 10-F
2 5.24 x 10713 0.7
3 7.59 x 10~1 28
4 1.54 x 10~° 252
5 6.97x 1079 | - 253
6 1.92 x 108 314
7 5.29 x 10-8 134
8 1.46 x 10~7 53




Appendix C: Attenuation Factors

Attenuation factors for a source at (0, 0, 12-55.98) cm

Source At Original All Energies
Energy (MeV) Energy > 2 MeV
| 3 (6.2 £ 2.9) x 101 [ (1.17 £ 0.16) x 10~°
4 (1.20 £ 0.17) x 10~° | (2.64 £ 0.24) x 102
5 (7.11 £ 0.77) x 10~° | (1.40 £ 0.10) x 10-7
6 (2.74 + 0.25) x 108 | (4.58 £ 0.26) x 10~7
7 (7.17 £ 0.55) x 10~8 | (1.03 £ 0.05) x 10~¢
8 (1.51 % 0.10) x 10-7 | (1.86 + 0.09) x 10~°
Source All Energies All Energies
Energy (MeV) > 2.2 MeV > 5 MeV

00 =3 & Ov b W

(7.7 £ 1.1) x 10-1°
(2.17 £ 0.20) x 1078
(1.213 £ 0.076) x 10~7
{4.12 £ 0.24) x 1077
(9.47 + 0.48) x 1077

(7.11 4 0.77) x 10-?
(7.58 £ 0.58) x 108
(2.76 £ 0.17) x 10-7
(6.48 + 0.34) x 107

(1.734 + 0.078) x 10~

Attenuation factors for a source at (75, 0, 1255.98) cm

-

Source

Energy (MeV)

At Original
Energy

All Energies
> 2 MeV

4 (3.79 + 0.39) x 1019 | (1.15 £ 0.08) x 10-8
5 (2.15 £ 0.19) x 10~° | (5.73 + 0.35) x 10-¢
6 (1.00 £ 0.07) x 1078 | (2.03 £ 0.10) x 10~7
7 (2.50 £ 0.17) x 10~8 | (4.57 £ 0.21) x 10~7
Source All Energies All Energies
Energy (MeV) > 2.2 MeV > 5 MeV

=~ b

(8.99 + 0.65) x 10~°
{4.93 £ 0.30) x 10~®
(1.829 + 0.093) x 1077
(4.41 + 0.20) x 1077

(2.15 £ 0.19) x 107°
(2.92 + 0.19) x 108
(1.096 £+ 0.061) x 10~7




Attenuation factors for a source at (175, 0, 1255.98) cm

Source
Energy (MeV)

At Original
Energy

All Energies
> 2 MeV

(6.7 £ 5.5) x 10-12

4 (2.9 + 4.8) x 10713
5 (5.2 +£52) x 10712 | (53 £ 2.8) x 101!
6 (34£25)x 1071 | (3.1+1.2) x 10-1°
7 (1.03 & 0.55) x 10~1° | (2.27 % 0.60) x 10~°
Source All Energies All Energies
Energy (MeV) > 2.2 MeV > 5 MeV

- o A

(6.2 £ 5.3) x 10-12
(4.8 + 2.6) x 10~1t
(2.9 + 1.1} x 10-1°

(2.13 £ 0.57) x 10~°

(5.2 + 5.2) x 1012
(5.6 4 3.4) x 10-11
(8.6  3.2) x 10-1°
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