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This work report is part of the above titled study for Aerojet Nuclear
Company (purchase order S-6238, 11/19/75). The primary aim of this
study is to predict the performanée of a gamma-ray densitometer system
using computer modeling techniques. The system consists of a co]]imated
]37Cs source, a pipe containing a variable amount of water absorber,
and a shielded and collimated germanium detector system. An idea]ized
model of this system is shown in Figure 1 with the sources déscribed

in Table 1; these are a]sq described in thé Work Statement of 10/2/75.
The gamma-ray energy spectrum (number of photon counts as a function of
energy) has been computed for several sources at the detector. The re-
sponse for combined source configurations has been obfained by linear
superposition. The signal essentially consists of the counts in an

137

energy window centered on the Cs source at 662 keV that originate

from this source. The noise is the background counts in the signal

energy window that originate from 16

N scatter radiation and direct and
shield tank activation gammas. The detector signal has been computed

for 0, 50, and 100% water in the pipe.

Some basic questions addressed by this study are: Will a germanium
detector in this scheme work? Is the lower resolution of Nal detectors
sufficient to make them work? What are the signal and total detector

count rates? -What 1s the detector gamma-ray spectrum? Whal is Lhe

*This work was performed under the auspices of the U.S. Energy Research and
Development Administration under contract number W-7405-ENG-48.
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éampling time required for a few percent accuracy on the average den-
sity in the pipe? Wh?t other detector application requirements‘(e.g.,
paékaging and re]iabi%ity) are critical? ‘How should one adjust design
parameters such as collimater diameter, source location and energy, etc.

to optimize the performance?

Problem Description and Computational Geometry

The photon?e1ectron transport code, SANDYL, used in this study has some
constraints built into.its available geometry descriptors. One-is con-
strained(to use orthogonal X, Y, and Z planes and generalized conics to
describe the boundaries of-the geometrical zones; in addition, all cir-
cu1§r cylinders musf be parallel to the Z axis. To readily accomodate
these constraints, the problem geometry of Figure 1 was modifiéd as
shown in Figure 2 while retaining the critical features. The critical

~ features are the spatial distribution of material near the Z axis. Thus
the collimation angles, sourcg-to-detéctor distance, steel walls, and

water path are unchanged.

The usual scheme in detector modeling with SANDYL is to first run SANDYL
for a specific geometry with a detector present; SANDYL can produce a
Variety of output such as geometry plots, photon or electron flux versus
energy p]o%s, photon or electron flux versus angle, energy and electron
deposition edits, etc.; it can also produce a file, ELOSTFILE, contain-
ing the energy depositians and fhe zone locations for each incident
primary photon. A second Monte-Carlo céde called MOZART uses the energy
deposition track information in ELOST?ILE and-forms the detector spectrum

including electronics noise and other detector artifacts that distort

the absorbed energy spectrum. MOZART‘produces energy spectra for the
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incident photon flux, the absorbed photons, and the final detector in-

strument spectrum.

]3705 photons through both wails of

Since the fraction of unscattered
the stainless steel (SS304 was used) pipe was less than 1% with the pipe
only filled with air, it is computationally impractical to make one 1oﬁg
computer run ‘that would provide a statistically significant number of
counts in the detector. The prob]em was broken down into several parts
~ for this reason and this also aids in checking the results and debugging

the runs. Intermediate transmitted photon fractions and their spectra

(when smoothed) can then be used as input for the next stage of computation.

Summary of Major SANDYL Runs

A brief outline of major SANDYL runs will now be giver; the development

of the complete model will be explained and major computation features and
approximations will be described. The actual SANDYL output for these

runs is contained on the approximately 500 pages of microfiche labeled

ANC @3-98, and ANC P9-12, 16, 18. The runs to be discussed are listed

in Table 2. The angle A in Table 2 refers to the angular 1imit in the photon
‘source; the angle A is between the reference directior axis and the
maximum angular deviation of a source photon from this axis. In other
words, the angular distribution is uniform within a cone with angle 2A.
The number Fi is the number of photons entering zone x within energy

group y normalized by the number of source photons; this is not the true ‘
fraction for a real source because the solid angle of the conic has not

yet been folded in. This data has been taken from the microfiche output.

Runs 2-4 are preliminary runs primarily for setup and debug. They employ

a series of Pb "detectors" on the back side of a stainless steel wall;



the geometry is shown in Figure 3.

Runs 5-9 are full geometry runs with a ]37Cs source. Run 5 shows the
geometry effects with transparent steel (p = 107° gm/cm3) and the pipe
fluid is air. Runs 7-9 are with SS304 walls and water in the pipe with
densities of 0.0, 0.5, and 1.0 gm/cm3. Run 8, for example, shows that
=31 4 |
F

of the source is:

=4.79 x 10" where the water density is 1 gm/cm3. The solid angle

Qg = 2n(1 - cos A), steradians (1)

For run 8, Q= 0.002533 steradians. The true fraction of group 31
(650-750 keV) photons entering the detector (zone 1) is 9.66 x 10-8
photons per source photon; these represent approximately the number of

]37Cs photons entering the detector. The angle

full-energy unscattered
A = 1.627° is a minimal value. chosen to maximize the SANDYL efficiency
and is based on geometrical limits sketched in worksheet ANC §8 in the
Appendix. The SANDYL geometry raw worksheets are shown in the Appendix.

They are not as clear as the figures but do contain all the zone, plane,

and conic numbers and other descriptive information.

Runs 10-13 are full geometry runs similar to runs 5-9 except that the

16 ]GN source with emission at only

source is N; actually, a simpTified
6130 keV is used with emission from a central core of water. The de-
“tector contribution from this source is expected to be slightly lower
than actual because it excludes scatter from the outer core of water and
backscatter from the inner core. With more computer time, this could

have been done more accurately.



Run 14 moves the source up to a location inside the first wall at 0.1
inches from the inside wall of the pipe.. This run demonstrates a sub-
stantial improvement .could be obtained if one wall of the pipe were

137 ]37Cs source is not

eliminated for the Cs source. Collimation of the
necessary for two reasons. First, indirect scattered radiation from the
source will be reduced in energy and not in the full energy signal win-
dow. Two,.the detector is geometrically collimated ac well as energy
se]ective so only water absorbtion.along the detector collimation axis

will be significant.

Run'i6 simulates a 2 MeV source beamed down the pipe. It demonstrates

negligible scattering into the detector. Run 19 simulates the shielding
problem for three Nal detectors on one side of 3 inches of lead shielding
with a 0-10 MeV source beamed against the other side. This run indicates
the count rate in group 31 (650-750 keV) is 4.6 x 105 v/sec and the total
count rate is 1.38 x 107 v/sec. This is for a 2 inch thick, 2 inch dia-

7 7/cm2/sec from

meter Nal detector and the source was 0-10 MeV, 1 x 10
the shield tank. This run shows that 3 inches of lead shielding produces
an unacceptably high count rate for a 2 x 2 Nal détector; 4 or 5

inches of Tead shielding may be required to reduce tﬁe‘background from
this source. Using a 1 x 1 Nal detector instead of a 2 x 2 would

reduce this background by a factor of 4 while the ]37Cs peak detection
efficiency would only drop about 30%; the full Nal detector is subject

to the shie]d tank gammas while only the collimated portion of the

137

detector is subject to-the Cs gammas.

Spectral Results and Count Rate Data

If the shield tank gammas are shielded to a level well below that of the
16 ‘ 16 '

N background, then the on]y.significént sources are the '°N and the



]37Cs. With this assumption, the detector spectrum has been simulated for

two cases. The first,éase_emp1oy§ a Ge detector as snown jn Figure 2
and worksketch ANC QS@ a worst case of 4 keV. FWHM noise was imposed on
the Ge detector and the spectral results are shown in Figures 5-7. The
two sources present are ]GN at 137 pCi/Cm3 at 100% water (1 gm/cm3) in
the pipe in zone 8 and a 30 Ci ]37Cs source distributed evenly over a
'1/2 inch diameter d1sk as shown in F1gure 2. The sample time was

0.25 seconds. The ]37Cs photopeak at 662 keV clearly is evident in
Figure 7. The flat characteristic in the background around and above

the Cs peak makes a simple background subtraction process possible. If
this is done, it is clear that a detector withlless resolution may also
do the job, since it is the integrated counts over'the energy windows

A tHat measure the signal and background. Since time limits did nofya110w
re-running the codes to simulate a Nal detector, an approximate simulation
was obtained by using the germanium absorbtion data with the noise of

Nal (8% = 53 keV FWHM) imposed and the results are showﬁ in Figures 8-10.
Actual Nal performance should be better than this because the detector
would be bigger -and have a higher Z. With the collimation of the de-
tector, this will imply a higher photopeak‘effic{ency than germanium

and a higher peak-to-Compton ratio.

By integrating portions of the spectrum in Figure 7 the counts in various
energy windows are given in Table 3. A very simple background subtraction
using the average of an adjacent upper and Tower pair of windows shows
that the signal-to-noise ratio is roughly 25 for a worst-case Qermanium
detector. Considering, for an approximate comparison, the pseudo Nal

case from Figure 10, a similar analysis is indicated in Table 4 and the
‘pseudo Nal signal-to-noise is rough1y 17.. The count rates for these two

cases are summarized in Table 5. The total detector count rate should
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not exceed 105 counts/second. ‘The detector co]]imatibn of Figure 2
should be reduced slightly to avoid detector and electronics overload.

If the detector col]iﬁater were reduced from 3/4 to 1/2 inch, this should
suffice without reducing the signal-to-noise too much; this would also
have the advantage of reducing the diaﬁeter of the core of water whose

average density is being measured.

Summary of Results and Future Work

The densitometer as previously described and analyzed should wofk for
both germanium and Nal -as the detector. The question of reliability
and complexity of design'and application for the two detector types is
more complex. Neutron damage on germanium must be considered and it isv
not clear by guestimate whether germanium can survive long.enough. In
addition, the LN cooling and vacuum cryostat requirements of germanium
will pose more difficult packaging and design requirements. On the
other hand, the feso]ution and signal-to-noise for germanium is some-
what better than Nal. The pseudo-Nal ca]cu]ation~shows'that it should
be possible to measure the water density at p =1 gm/cm3 to about 6%
accuracy in 0.25 seconds. These results are for a homogeneous'water—
steam mixture in the pipe. Inhomogeneous situations would have to be

done with multiple detectors.

It appears that large significant gains could be made by using a source
sealed and attached to the inside wall of the pipe; for the source,

e 137

transmission throﬁgh one pipe wall would be é]iminated. Th Cs signal

would increase by approximately ten by doing this.

There are several possibilities for future work.. One could redo the

present calculations for a NaI‘detector.. A higher enérgy source could



(60Co 1.17 MeV + 1.33 MeV). A more accurate geométry '

also be considered
could be used with off-axis sampling paths. A possible SANDYL geometry

for this arrangement is shown in Figure 11.



TABLE 1

N

Gamma~Ray.Sources'for Computer Modeling

137

30 Ci Cs collimated source 662 keV.

16N 6-7 MeV 137 uCi/cm at 100% water.

‘ Normal operation and b1owdown.

Neutron éctivation gammas from shield tank.
0-10 MeV 1 x 107 y/cmz/sec. Normal operation

and blowdown.

Delayed gammas from core scattered once into pipe.

0-2 MeV 5 x 107 y/cmsec. Inside pipe blowdown.



TABLE 2.

Major SANDYL Runs

Run No. Geometry & options Results _ Energy, keV Counts
3 $5304 wall 1.4 inch thick FIl - 1.88E-2 662 4 x 1K
Pb detectors 1-3 Fal = 2.33E-2
“coll, det 1 = 0.5 in. dia. 3l = 0.0
A=7.125° ‘
4 same as 3 except - P! = 3.206-3 662 1 x 2.5
Pb det 1 = 0.1841 in. dia. F3! = 1.68E-2
coll = 0.5 in. dia. F3! = 2.40€-2
5 Full geometry (Fig. 2) 7! = 0.355 | 662 4 x 1K
A= 1.627° Fy = 0.370
$S304 = p = 107° (T = TOTAL FLUX)
fluid = air
6 662 4 x 5K

Full geometry, A = 1.627°
Air in pipe |

55304 = p = 8.03 gm/cm’

...ol_



TABLE 2 Major SANDYL Runs, cont.

Run No. Geometry & options Results ‘ _Energy, keV Counts

7 - -Same as 6 but | ??1 = 5.90E-3 662 4 3 x 15K +
" more counts - ?{ = 6.08E-2 ~ ' 1 x 30K
P = 0.0 Hy
8  same as 6, 7 but ' Pl = 4.79E-4 2 4xIsK
S 7 -7 =' ) ’
p=1.0 HyO | F1 = 5.18E-4
9 Same as 6, 7, 8 but ??1 = 1.94E-3 662 4 x 15K
p=0.5HyO FI = 1.985E-3
. ) _ o —46 _A . |
10 Full geometry A = 45°  F1° = 2.60E-4 6130 4 x 15K
16y sourceAfn zone 8 4 in. dia. ?1 = 5.40E-4
p=1.00 Hy0
=46 _ .
1 Same as 10 but FI° = 2.46E-4 6130 4 x 75K
more counts ‘ ?1 = 4.42E-4

group 46 (5.62-6.49 MeV)

-ll_



TABLE 2

Major SANDYL Runs, cont.

Run No. Geometry & optibns Results Energy, keV Counts
12 Same as 10 but zone 8 F3° = 7.57E-3 6130 1 x 30K
is smaller 1 in. dia. Fl = 8.60E-3
A = 3.066°
13. Same as 10 but A = 45° 6130 4 x 75K
p=0.50 H20
16 Full geometry 1ike 11 but FI negligible 2000 4 x 1K
" 2 MeV down pipe source
P = 1.00 Hy0
18 Same as 3-wall shield, but 0-10 MeV 2500 +
Nai detectors uniform 595 +-

10 x 2

- =el-
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TABLE 3

Simple Spectral Analysis for Ge (FWHM = 4 keV)

Detector (Figure 7) with Sample Time = 0.25 seconds '

Energy Window, keV ~ Counts

137¢s 24 keV  658-666 - 739
| ' 666-746 | 535
578-658 | 384
S+ B =739 o, =V739 =27.18
B* = 45,95 ‘ g, = J45.9 = 6.77
S = 693.05 o= 28.02
/07 = 24.73 |

*Background'obtained as average .from upper and lower adjacent windows.
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TABLE 4

Simple ‘Spectral Analysis for Ge (FWHM = 53 keV) -

Pseudo-Nal Detector (Figure 10) with Sample Time = 0.25 seconds

Energy w1nd0W, keV Counts
137c £ 50 keV  612-712 | 1158
| 712-812 ,' 460
- 812-912 ' 433
1912-1012 ' 353
1012-1112 324
S+B = 1158 o = v/ 1158 - = 34.03
B* = 480 0, = V480 =21.91
S =678 o7 = 40.47
S/oT = 16.75

*Background obtained by extrapolating upper energy windows.
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TABLE 5

Detector Count Rates for the Spectra

of Figure 7 and 10.

| Count rate,

o photons/sec
Ge FWHM = 4 keV
Cs peak signal ' . . ' 2772
Signal window 658-666 keV - | . 2956
Total detector ‘ 116612
Ge FWHM = 53 keV
Cs peak signal : : T 2712
Signal window 612-712 keV | < 4632
Total detector |

116612
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