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SOLID-STATE TRACK RECORDER (SSTR) NEUTRON DOSIMETRY IN THE 

THREE-MILE ISLAND UNIT-2 (TMI-2) REACTOR CAVITY 

Raymond Gold, James H. Roberts, Frank H. Ruddy, 

Christopher C. Preston and William N. McElroy 

1.0 SUMMARY 

Solid-state track recorder (SSTR) neutron dosimetry has been conducted in 

the Three-Mile Island Unit (TMI-2) reactor cavity (i.e., the annular gap 

between the pressure vessel and the biological shield) for nondestructive 

assessment of the fuel distribution. Two axial stringers were deployed in 

the annular gap with 17 SSTR dosimeters located on each stringer. SSTR 

experimental results reveal that neutron streaming, upward from the bottom 

of the reactor cavity region, dominates the observed neutron intensity. 

These absolute thermal neutron flux observations are consistent with the 

presence of a significant amount of fuel debris lying at the bottom of the 

reactor vessel. A conservative lower bound estimated from these SSTR data 

implies that there is at least 2 tonnes of fuel, which is roughly 4 fuel 

assemblies, at the bottom of the vessel. The existence of significant 

neutron streaming also explains the high count rate observed with the source 

range monitors (SRMs) that are located in the TMI-2 reactor cavity. 



2.0 INTRODUCTION 

Recent data at TMI-2 indicate that the void in the upper core region is sub

stantial and that much of the displaced fuel appears to have been reduced to 

rubble. It is possible that significant amounts of this fuel debris have 

been relocated out of the core boundaries into off-normal locations. Loca

tion of fuel material is important in planning recovery operations for the 

TMI-2 facility. 

TMI-2 fuel distribution assessments can be carried out nondestructively by 

gamma-ray and neutron dosimetry. In gamma-ray dosimetry, gamma-rays asso

ciated with specific fission products are measured. In neutron dosimetry, 

neutrons generated from a combination of spontaneous fission, (a,n) reac

tions, and subcritical multiplication are measured. 

Existing constraints preclude the application of many routine dosimetry 

methods for TMI-2 fuel distribution characterization. These constraints 

have many origins, ranging from sensitivity and background considerations to 

practical day-to-day restrictions of TMI-2 recovery operations. Several 

methods have been applied to overcome these constraints, including SSTR 

neutron dosimetry and continuous gamma-ray spectrometry with a Si(Li) 

Compton spectrometer that were used to quantify the fuel debris in the TMI-2 

demineralizers. A general exposition on the applicability of SSTR neutron 

dosimetry for TMI-2 applications has already been published.^ ' Efforts 

to characterize the fuel distribution in the TMI-2 makeup and the purifica

tion demineralizers with SSTR neutron dosimetry and Si(Li) gamma-ray spec-
(?-6) 

trometry have been successfully completed.^ ~ ' 

A description of the SSTR experiment in the TMI-2 annular gap is given in 

Section 3.0, the experimental results are reported in Section 4.0, and 

Section 5.0 provides an analysis and interpretation of these SSTR data. 
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3.0 SSTR EXPERIMENT IN THE TMI-2 REACTOR CAVITY 

The general test plan for the S'̂ TR experiment in the TMI-2 annular gap is 

summarized in Table 1. The SSTR dosimeters used in the TMI-2 annular gap 

consisted of 1.91-cm diameter mica track recorders and asymptotically thick 

('V.0.0127 cm) U foil, 1.27 x 1.27 cm square. Figure 1 provides the 

detailed configuration and assembly of these SSTR neutron dosimeters. In 

order to distinguish between the two mica SSTR in each dosimeter, the label 

of the mica SSTR adjacent to the cap was primed, whereas the label of the 

mica SSTR adjacent to the case was unprimed. 

TABLE 1 

IRRADIATION TEST PLAN 

Experimental Category 

Deployment 

Type of Dosimeter 

Radial Location 

Vertical Location 

Exposure Interval 

Status 

Two SSTR stringers: 17 SSTRs on each stringer 

Fourteen 235u foil-mica SSTR (Al-covered) 
Three -̂̂ Û foil-mica SSTR (Cd-covered) 

Between reactor vessel and mirror insulation; 
midway between reactor coolant nozzles 

From 4 feet above nozzles to the bottom of the 
flow distributor plate 

Insertion: August 19, 1983 
Removal: September 9, 1983 

Two axial stringers were deployed in the annular gap with 17 SSTR dosimeters 

located on each stringer. Of the 17 SSTR dosimeters, 14 were bare (i.e, 

aluminum covered) and 3 were cadmium covered. The axial locations (eleva

tions) of these SSTRs, which are shown in Figure 2, extend from the nozzles 

well above the core to the flow distributor plate well below the core. The 

region around the nozzles was of interest, since it has been speculated that 

some fuel debris might be lodged in the inlet or outlet nozzles. 
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235u FOIL 
LOCATION OF PRIMED 
MICA TRACK RECORDER 

LOCATION OF UNPRIMED 
MICA TRACK RECORDER 

30-mil Al OR Cd CAP 

HEDL 8406'4)37.1S 

FIGURE 1. Geometrical Details of the SSTR Neutron Dosimeter Used in the 
TMI-2 Annular Gap. Neg 8405948-1 

The azimuthal locations of these two stringers are shown in Figure 3. The 

east (E-SSTR) stringer and the west (W-SSTR) stringer were chosen near the 

SRMs. The count rate of the SRMs is roughly one order of magnitude higher 

than normal. The location of the SSTR stringers was chosen so that some 

insight into the origin of this high count rate might be provided by the 

SSTR dosimetry data. 

These SSTR stringers were exposed in the TMI-2 annular gap for approxima

tely 3 weeks from August 19, 1983 until September 9, 1983. After retrieval, 

they were shipped to the National Reactor Dosimetry Center at the Hanford 

Engineering Development Laboratory (HEDL) and processed. A preliminary 

appraisal of these SSTRs was completed within a week and revealed track 

densities that were sufficient to provide quantitative results. A more 

complete and quantitative analysis was then authorized, and this report 

provides the results of that analysis. 
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FIGURE 2. Deployment of SSTR Neutron Dosimeters on an Axial Stringer in the 
TMI-2 Annular Gap. Neg 8501182-2 
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FIGURE 3. Location of Two SSTR Stringers, East (E-SSTR) and West (W-SSTR), 
in the TMI-2 Annular Gap. 
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4.0 SSTR EXPERIMENTAL RESULTS 

Quantitative scans were conducted manually on both the primed and unprimed 

mica components of each U dosimeter (see Figure 1). The entire surface 

area of each 1.91-cm diameter mica SSTR was scanned by at least two observ

ers. Scanning data for the E-SSTR and the W-SSTR are summarized in Tables 2 

and 3, respectively. These tabulated data represent an average of the 

results of different observers. The same data are shown graphically in Fig

ures 4 and 5, where.bare and Cd-covered track density are plotted, respec

tively. The cadmium ratio, i.e., the bare track density divided by the 

Cd-covered track density, is shown in Figure 6. 

During containment entry for retrieval of the two stringers, it was noticed 

that the east stringer had slipped downward from its original position by 

approximately 11 in. Consequently, all SSTR elevations on the east stringer 

have been assumed to be 11 in. lower during the irradiation than originally 

planned. 

SSTR data obtained from the east and west legs are entirely consistent and 

indicate an azimuthal symmetry. Both bare and Cd-covered track densities 

increase significantly with decreasing elevation. The increase in the bare 

track density with decreasing elevation is greater than the corresponding 

increase in the Cd-covered track density. This difference can also be seen 

in Figure 6, where the cadmium ratio increases with decreasing elevation. 

High accuracy and excellent observor objectivity have been attained in the 
(7 8) 

manual scanning of mica SSTR. ' It has been demonstrated that Poisson 
I q) 

statistics are applicable for manual scanning of SSTR,^^ and absolute 

accuracy of approximately 1% is attainable if care is exercised in all 

aspects of the experimental technique.^ ' However, these established 

standards of precision and accuracy could not be attained with the mica SSTR 

exposed in the TMI-2 annular gap. Agreement between different observers 

scanning the same mica SSTR was often outside of statistics and even observor 

reproducibility was not up to customary accuracy standards. It was also 
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TABLE 2 

TMI-2 ANNULAR GAP E-SSTR TRACK DENSITY* RESULTS 

CO 

ELEVATIC 

318-7" 
316'-1" 
314-7" 
314-7" 
313-7" 
310-7" 
308'-7" 
306-7" 
304-7" 
304'-7" 
302'-7" 
300-7" 
299-1" 
297-7" 
296-1" 
296-1" 
294'-7" 

)N 

(Cdl 

ICd) 

(Cd} 

UNPRIMED 
SSTR 

36.8 
43.8 
53.6 
18.4 
51.6 
45.0 
63.2 
88.5 
97.3 
21.1 

107.8 
67.6 

172.5 
237.6 
249.2 
58.4 

341.3 

PRIMED 
SSTR 

39.5 
46.6 
73.2 
23.7 
67.5 
72.9 
70.3 
72.5 
86.3 
27.9 

114.5 
82.2 

173.7 
228.5 
283.7 
64.2 

286.0 

UNPRIMED 
PRIMED 

0.93 
0.94 
0.73 
0.78 
0.76 
0.62 
0.90 
1.22 
1.13 
0.76 
0.94 
0.82 
0.99 
1.04 
0.88 
0.91 
1.19 

•TRACK DENSITY IN UNITS OF TRACKS/cm^. 
**BARE BACKGROUND = 3.6. 

***CADMIUM-COVERED BACKGROUND = 2.6. 

AVERAGE 

38.2 
45.2 
63.4 
21.1 
59.6 
59.0 
66.8 
80.5 
91.8 
24.5 

111.2 
74.9 

173.1 
233.1 
266.5 
61.3 

313.7 

BACKGROUND** 

34.6 
41.6 
59.8 

-
56.0 
55.4 
63.2 
76.9 
88.2 

-
107.6 
71.3 

169.5 
229.5 
262.9 

-
310.1 

BARE CADMIUM 
AVERAGE- AVERAGE-

is.nu: nam iMn»»* 

18.5 

BARE-Cd 
Cd 

2.14 

21.9 
2.92 

58.7 
3.43 



TABLE 3 

TMI-2 ANNULAR GAP W SSTR TRACK DENSITY* RESULTS 

<X) 

ELEVATION 

319-6" 
317-0" 
315-6" 
315'-6" 
314-6" 
311-6" 
309'-6" 
307-6" 
305'-6" 
305'-6" 
303'-6" 
301'-6" 
300'-0" 
298-6" 
297'-0" 
297-0" 
295'-6" 

(Cd) 

(Cd) 

(Cd) 

UNPRIMED 
SSTR 

29.0 
37.1 
32.3 
6.3 

30.7 
46.3 
80.1 
93.5 

102.9 
18.3 

124.2 
166.0 
165.1 
224.2 
242.7 
51.1 

313.1 

PRIMED 
SSTR 

43.9 
57.3 
41.1 
29.2 
48.7 
57.8 
67.9 
80.1 
89.2 
20.5 

115.6 
141.4 
167.2 
202.2 
286.6 

71.1 

311.9 

UNPRIMED 
PRIMED 

0.66 
0.65 
0.79 
0.22 

0.63 
0.80 
1.18 
1.17 
1.15 
0.89 

1.07 
1.13 
0.99 
1.11 
0.85 
0.72 
1.00 

AVERAGE 

36.5 
47.2 
36.7 
17.8 
39.7 
52.1 
74.0 
86.8 
96.1 
19.4 

119.9 
153.7 
166.2 
213.2 
264.7 

61.1 
312.5 

BARE 
AVERAGE-

BACKGROUND** 

32.9 
43.6 
33.1 

-

36.1 
48.5 
70.4 
83.2 
92.5 

-

116.3 
150.1 
162.6 
209.6 
261.1 

~ 

308.9 

CADMIUM 
AVERAGE-

BACKGROUND*** 

15.2 

16.8 

58.5 

•TRACK DENSITY IN UNITS OF TRACKS/cm2 
**BARE BACKGROUND = 3.6. 

***CADMIUM-COVERED BACKGROUND = 2.6. 

BARE-Cd 
Cd 

1.18 

4.51 

3.46 

HEDL 8406-037.2 
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realized that the unprimed and primed SSTR did not agree within statistics 

for many cases. As can be seen in Tables 2 and 3, the unprimed-to-primed 

ratio can differ significantly from unity and appears to vary systematically 

with elevation. 

It was conjectured that observation of larger fission tracks could resolve 

these scanning problems. To this end, the mica SSTRs exposed in the TMI-2 

annular gap were etched again to enlarge the observed fission tracks. 

However, the overall quality of the SSTR scanning data obtained after the 

second etch was essentially unchanged. Hence, it was concluded that these 

effects could not stem from observor bias, but actually did arise from expo

sure in the TMI-2 annular gap. The results reported in Tables 2 and 3, as 

well as those depicted in Figures 4 through 6, represent average over all 

SSTR scanning data, which include scanning efforts after both the first etch 

and the subsequent second etch. 
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5.0 ANALYSIS AND INTERPRETATION OF SSTR DATA 

5.1 DETERMINATION OF ABSOLUTE THERMAL NEUTRON FLUX 

Absolute thermal neutron fluxes have been determined from the TMI-2 annular 

gap SSTR data. The thermal neutron flux, ^^., is given by the relation 

hh - a,, -s »T • ̂ s' (̂ ) 

th 00 

where: 

PB = Bare track density 

PCd ~ Cd-covered track density 
ofh = Thermal average fission cross section of 235u 

(ath = (/ir/2)*580b = 514.2b) 
T = Exposure interval (T = 1.81 x 10^ s) 

s„ = Asymptotic sensitivity of the ^^^U foil 
(s„ = 1.15 X 10'9 atoms/cm2) 

C = Correction factor for neutron self-shielding. 

Here the asymptotic sensitivity is the SSTR efficiency expressed in units of 
2 

atoms per unit area. It is essentially the number of atoms per cm that 

can give rise to observable tracks at the surface of the mica SSTR after 

suitable etching.^^ Since the cutoff energy of the cadmium used for these 

SSTR measurements is roughly 0.5 eV, the thermal neutron flux defined in 

Eq. (1) corresponds to all neutrons of energy less than approximately 0.5 eV. 

In general, the self-shielding created by the presence of the U foil 

depends on the angular distribution of the neutron flux. In absence of 

specific information on the angular flux distribution, the self-shielding 

correction factor for an isotropic flux distribution has been used. For 

12 



isotropic neutron fields, one can show for SSTR dosimeters employing 

asymptotically thick foils that 

Cs 1 + E2(T) 
•1 

(2) 

where Ep is the second order exponential integral given by 

£3(1) = J e /x-̂  dx . (3) 

1 

The argument T of this second order exponential integral is simply 

T = t • z,, (4) 
a 

where t is the foil thickness and 2, is the macroscopic absorption cross sec-
ooc a 

tion. For the present "^U foil, one has T = 0.4, so that £2(0.4) = 0.4 and 

therefore, C = 1.43 for isotropic neutron fields. 

Table 4 displays the thermal neutron fluxes obtained by using these numeri

cal values in Eq. (1) together with the track density data already given in 

Tables 2 and 3. Since the Cd-covered track density was only available at 

three locations (see Figure 5), it was necessary to interpolate or extrapo

late these Cd-covered data for use in Eq. (1) at other locations. The ther

mal flux derived from Eq. (1) in this manner represents a thermal neutron 

group below the cadmium cut-off energy, which is approximately 0.5 eV for 

the cadmium covers used in these measurements. 

The overall uncertainty in absolute thermal neutron flux varies with eleva

tion from roughly 40 percent (la) at the top of each stringer down to about 

20 percent (la) at the bottom of each stringer. Track counting statistics 

is the dominant contributor to experimental uncertainty at the top of the 

13 



TABLE 4 

ABSOLUTE THERMAL NEUTRON FLUXES IN THE TMI-2 REACTOR CAVITY 

East Leg Str 
Elevation 

318'-7" 

316'-1" 

314'-7" 

313'-7" 

310'-7" 

308'-7" 

306'-7" 

304'-7" 

302'-7" 

300'-7" 

299'-1" 

297'-7" 

296'-1" 

294'-7" 

inger 
Hh* 

2.3 

3.3 

5.9 

5.4 

5.2 

6.3 

7.9 

9.5 

11.5 

5.6 

18.3 

25.7 

29.1 

34.4 

West Leg 
Elevation 

319'-6" 

317'-0" 

315'-6" 

314'-6" 

311'-6" 

309'-6" 

307'-6" 

305'-6" 

303'-6" 

301'-6" 

300'-0" 

298'-6" 

297'-0" 

295'-6" 

Stringer 
Hh* 

2.5 

4.1 

2.6 

3.0 

4.7 

7.8 

9.5 

10.9 

13.8 

17.9 

18.7 

23.7 

29.0 

33.1 

-3 2 
•Thermal flux in units of 10 neutrons/(cm 's). 

stringers where the flux and, hence, the track density are low. At the bot

tom of the stringers, the uncertainty in the self-shielding correction factor 

completely dominates. Application of the isotropic self-shielding correction 

factor introduces a substantial uncertainty component, which has been esti

mated to be approximately 20 percent (la). Assignment of such a large 

uncertainty component for the self-shielding correction stems from the fact 

that the neutron field in the TMI-2 annular gap is far from isotropic, as 

will be discussed in considerably greater detail below. 
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5.2 NEUTRON STREAMING INTERPRETATION OF SSTR DATA 

Absolute thermal neutron fluxes obtained from these SSTR data are plotted in 

Figure 7 in comparison with the thermal flux anticipated for the TMI-2 reac

tor cavity. The curves, labeled M=2 and M=4, correspond to a core multipli

cation of 2 and 4, respectively. These curves were obtained by scaling of 

radiometric dosimetry conducted in the ANO-1 reactor cavity,^ ' ' a Babcock 

and Wilcox (B&W) plant of similar design to TMI-2. The normal shutdown neu

tron multiplication for such a B&W plant is M=12. However, the high concen

tration of borated water and the redistribution of the core lower the 

estimated multiplication at TMI-2 to the approximate range: 2^<4. 

These TMI-2 annular gap results differ significantly in shape and magnitude 

from the anticipated thermal flux. The TMI-2 thermal flux intensity exceeds 

the anticipated intensity by roughly one order of magnitude at high eleva

tions, and this difference grows with decreasing elevation to more than two 

orders of magnitude at the flow distributor elevation. In contrast with the 
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axial symmetry expected about midplane, as observed in the ANO-1 radiometric 

dosimetry data, the SSTR data for TMI-2 are clearly asymmetric. 

Consequently, the SSTR data reveal the existence of a neutron transport 

phenomenon that dominates the neutron intensity and that is not predicted by 

scaling measurements or calculations for a normal core configuration. 

Indeed, this very same phenomenon could be responsible for the variation 

arising in the unprimed-to-primed ratio, as well as the other scanning dif

ficulties encountered with these SSTRs. In fact, one would expect an 

unprimed-to-primed ratio of unity in an isotropic neutron field. Since the 
235 

0.0127-cm thick U foil is highly absorbing for low energy neutrons, 

deviation of this ratio from unity could arise in anisotropic neutron fields 

because of attenuation through the foil. Given the exposure geometry used 

in the TMI-2 annular gap, an anisotropic neutron field could induce non

uniform track density in the mica SSTR. At the very low track densities 

produced here, non-uniformity of track density could explain the manual 

scanning difficulties that have been encountered. 

All of these factors, in consort, provide strong evidence that a highly 

anisotropic neutron field exists in the TMI-2 annular gap. The sharp con

trast in both magnitude and shape between the observed SSTR distribution and 

the anticipated axial distribution, which has already been presented in 

Figure 7, implies that the anisotropic neutron field is due to neutron 

streaming upward through the annular gap from the bottom of the reactor 

cavity. Hence, the neutron transport phenomenon that dominates the neutron 

intensity in the TMI-2 annular gap is neutron streaming from source neutrons 

located at the bottom of the reactor cavity. 

The SSTR vertical profile of the neutron intensity is consistent with the 

presence of a significant amount of fuel debris, equivalent to several fuel 

assemblies or more, lying at the bottom of the reactor vessel. Neutrons from 

this quantity of fuel can pass essentially unmoderated out of the reactor 

vessel into the cavity beneath the vessel, where they are moderated within 

the concrete and stream upward through the annular space between the vessel 

and the biological shield. The reactor cavity, which is the region between 

the reactor pressure vessel and the biological shield, is shown in Figure 8. 
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Since neutron absorption cross sections generally increase with decreasing 

neutron energy, this neutron streaming model provides a qualitative explana

tion for the behavior of the cadmium ratio as a function of elevation. As 

already shown in Figure 6, decrease of the cadmium ratio with increasing 

elevation can be explained by the fact that thermal neutrons streaming upward 

would possess a higher probability of absorption in the annular gap walls 

than would epithermal neutrons. 

5.3 LOWER BOUND ESTIMATE OF THE FUEL MASS AT THE BOTTOM OF THE TMI-2 

REACTOR VESSEL 

A lower bound for the quantity of fuel lying at the bottom of the reactor 

vessel can be estimated from earlier SSTR neutron dosimetry conducted inside 
(3 4) 

the Demineralizer A cubicle.^ ' ' In these earlier efforts, the fuel content 

in Demineralizer A was determined from "room-return" analyses of the SSTR 

neutron dosimetry data in terms of follow-on calibration experiments. Con

sequently, these Demineralizer A efforts provide a calibration factor that 

can be scaled to the reactor cavity observations. At the same time, one 

must account for the major differences in neutron transport between these 

two environments. 

The Demineralizer A "room-return" calibration factor, Cp, can be expressed as 

Cp = M^/p^, (5) 

where M. is the fuel content of Demineralizer A and p. is the observed "room-

return" track density in the Demineralizer A cubicle. From the SSTR neutron 
(3 4) 

dosimetry work in the Demineralizer A cubicle^ ' , one has p. = 5.0 tracks/ 

cm . For the value of M., one can use the average of two independent deter-
f3 4) 

minations, namely 1.3 kg from SSTR neutron dosimetry^ ' ' and 1.7 kg from con-
(21 

tinuous gamma-ray spectrometry.^ ' Consequently, M. = (1.3 + 1.7)/2 = 

1.5 kg. Therefore, Cp = 0.30 kg/(tracks/cm^). 
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Because of the '^ery low track counting statistics as well as the general dif-
(?-6l 

ficulties encountered in the Demineralizer A experiment,^ ~ ' this value of 

the "room-return" calibration factor possesses very high experimental uncer

tainty. Actually, this uncertainty has been estimated to be roughly 50 per

cent (la), so that Cp = 0.30 + 0.15 from the Demineralizer A experiment. 

However, the follow-on work conducted to analyze the Demineralizer A experi-

(3) 

ment^ ' can be used to generate a more representative value of the "room-

return" calibration factor, which is of considerably higher accuracy, namely 

20 percent (la). In contrast to the Demineralizer A result, the follow-on 

calibration work yields Cp = 0.46 + 0.09. While these two results are 

consistent within experimental uncertainty, the more accurate and represen

tative value of Cp obtained from the follow-on calibration work will be 

used to generate a lower bound estimate. 

An estimate of the quantity of fuel that exists at the bottom of the reactor 

vessel. My, can be written in terms of this calibration factor as 

My = Cp • Py • S^ • S2 • • • S^ (6) 

where pw is the "room-return" track density in the void below the reactor 

vessel and S,, So, . . . S are scale factors that account for the major 1' 2 n 

differences in neutron transport between the Demineralizer A and the reactor 

cavity environments. Table 5 summarizes the scale factors used in Eq. (6). 

The "room-return" track density pw required in Eq. (6) is that attained in 

the void region below the reactor vessel. This region was obviously not 

accessible for SSTR measurements. However, a lower bound for py can be 

obtained from the SSTR dosimetry data in the annular gap. On the basis of 

the shape of the SSTR vertical profile given in Figure 7, one can conclude 

that Py must exceed the track density observed at the lowest stringer loca

tions, which corresponds to the 294 ft-7 in. and 295 ft-6 in. elevations of 

the east and west legs, respectively. Consequently from Tables 2 and 3, one 

can write 

p., ̂  310 tracks/cm . (7) 
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TABLE 5 

NEUTRON TRANSPORT SCALE FACTORS 

Effect Demineralizer A 

Attenuation of Source 
Neutrons (Si) 

Absorption in 
Borated Water (S2) 

o 

SSTR Exposure 
Duration (S3) 

The demineralizer A tank 
possesses negligible wall 
thickness. 

The demineralizer A tank 
was dry. 

29 days 

Reactor Cavity Comments 

At the bottom of the 
reactor cavity, the 
pressure vessel is 
5-3/16 in. thick steel 

The interior of the 
reactor vessel contains 
highly concentrated 
borated water. 

21 days 

Attenuation depends 
on neutron energy 
and lies in the 
approximate range*: 

4.9 ^ Si ^ 12.2 

It is assumed that 
source neutrons emit
ted in the direction 
of the borated water 
have a negligible 
probability of 
escape, so that 
52 = 4ir/2ir = 2. 

53 = 29/21 = 1 . 3 8 

*This attenuation range has been obtained from extensive efforts to characterize light water 
reactor (LWR) pressure vessel (PV) radiation environments.HS) 



Using this lower bound estimate of Py in Eq. (6), together with the 

scale factors given in Table 5, yields 

My > (0.46) • (310) • (4.9) • (2) • (1.38) (8a) 

or 

My > 1930 kg. (8a) 

It is important to stress that the lowest possible value for the source 

neutron attenuation scale factor, i.e., S,=4.9, has been used in Eqs. (8a) 

and (8b) to ensure the generation of a lower bound for My. This lower bound 

estimate corresponds to a fuel equivalent of at least four fuel assemblies 

lying at the bottom of the reactor vessel. 

In generating this lower bound, a number of neutron transport effects have 

been regarded as refinements that could be ignored for the purpose of obtain

ing the initial estimate given above. These effects are: 

1) Dependence of SSTR "room-return" signal on void geometry, volume, 

and wall composition. 

2) Attenuation of source neutrons within the fuel debris and borated 

water at the bottom of the reactor vessel. 

3) Neutron multiplication within the fuel debris at the bottom of the 

reactor vessel. 

Should more accurate lower bound estimates be desired, the above effects 

would obviously need to be taken into account. However, any combined effect 

21 



of these three refinements is expected to be small relative to the conserva

tism used in the generation of the present lower bound estimate and as a 

consequence the major conclusions drawn from these efforts remain unchanged. 

Although it is highly improbable, it is still possible that the observed 

SSTR signal could be aue to the TMI-2 startup neutron sources, which could 

have somehow been transported to the bottom of the reactor vessel from their 

original midplane locations (see Figure 3). The TMI-2 startup sources are 

the so-called ABC type, i.e., a mixture of americium, beryllium and curium. 

Because of the Cm isotope decay (-̂ 163 day half-life), these sources 

are now essentially Am-Be (a,n) neutron sources. The estimated emission 

rate of each of these sources is roughly 6 x 10 n/s. Since the neutron 

emission rate of TMI-2 fuel is approximately 300 n/(s*kg), each of these 

sources possesses an emission rate equivalent to that produced by 20 tonnes 

of fuel. 

Consequently, these startup sources possess sufficient intensity to explain 

the observed SSTR data, provided they have reached the bottom of the reactor 

vessel and remain intact. However, these sources are encapsulated in a 304 

stainless steel tube possessing the following dimensions: 7/32-in. outer 

diameter, 18 in. long, and 0.020-in. wall thickness. Startup sources are 

lowered into shroud tube assemblies in the core. The shroud tube assembly 

is essentially another welded 304 stainless steel tube designed to accept 

the 7/32-in. source tube. These shroud tube assemblies are located at the 

peripheral positions shown in Figure 3. The design, fabrication, and loca

tion of these startup sources make it extremely unlikely for them to have 

moved, let alone reached the bottom of the reactor vessel. 

Finally, analysis of these SSTR data shows that the count rate of the SRMs, 

which are located near midplane in the reactor cavity, should be considerably 

higher than normal. It is recognized that the existence of significant 

neutron streaming must be taken into account for proper interpretation of 

SRM data in TMI-2 recovery operations. 
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