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ABS IIUIC I 

Six fuel rod segments were obtaIned from partially lntart fuel 

assemblies still standing in the core of the damaged lhrep Mill' lsl,~nd 

UnH ? reactor. "Ihe segments wt'rp subjected to neutron radiography. ganund 

spectroscopy. and visual and photographic examination to evaluate the 

necessity of performing addH ional mclallur(jical and radiochemical 

analyses. It was determined that the fuel rod segments were only slIghtly 

damaged during the accident sequence and rIot useful for further destructive 

examination by the lMI-? Accident ~valuation Program except for use as 

possible comparison samples in other lMI-2 core component examination 

programs. 
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TMI-2 STANDING FUlL ROO SEGMENTS: 

PRELIMINARY EXAMINATION REPORT ------_.-. ---- --- -.---------

1 . I NlIWOUCl ION 

The principal purpose of the nondestructive examination of the six 

fuel rod segments obtained from partially intact fuel assemblies still 

standing in the core of the Three Mile Island Unit 2 (lMl-2) reactor was to 
evaluate their potential for providing information that may contribute 

significantly toward understanding the TMI-2 accident. Objectives of the 
examinations were to (a) evaluate the necessity for performing destructive 

metallurgical and radiochemical examinations and (b) identify the best 
locations for removing samples for other analyses. 

Although the March 28, 1979, accident at 1MI -2 involved severe damage 

to the core of the reactor, the accident was determined to have had little 
1 effect on the health and safety of the public. However, as a 

consequence of the severe loss-of-coolant accident close scrutiny has been 
given various aspects of the regulations concerning the safety of light 

water reactors, and several major research programs were i~itiatp.d by 

organizations concerned with nuclear power safety. As part of these 

efforts, the U.S. Department of Energy (DOE) established a program Lo 
(a) develop the technology necessary to recover the TMI-2 plant from a 

serious reactor accidenl, and (b) conducl relevant research on the TMI-2 

accident to enhance the understanding of severe fuel damage accidenls and 

nuclear power plant safety. 

Other organizations wilh interesls in both plant recovery and 
acquisition of accident data f3rmally agreed to cooperate with OO~ in these 

areas. These organizatiuns, commonly referred to as the G£NO 

Group--General Public Utilities Nucleclr Corporation (GPU Nuclear), ~lectric 

Power Research Institute, lhr: U.S. Nuclear Regulatory Commission, and 



OOE--are act1vely involved in both reactor recovery and accident research. 
At present, OO~ 1s provld1ng a portIon of the funds for reactor recovery 
(In those areas where accident recovery knowledge wIll be of gener1c 

benefIt to the U.S. lIght water reactor Ind~~try), as well as the majorIty 

of funds for acquIrIng severe acc1dent technlcdl data (such as obtained 

from examinIng the damaged core). 

EG&G Idaho, Inc., Involvement wIth the TMI-2 accident has been 
contInuous. InItially, DOE requested that EG&G Idaho collect, analyze, 

distrIbute, and preserve sIgnifIcant technIcal informatIon. Subsequently, 

this was expanded to include (a) conducting research and development 

activItIes Intended to effectIvely exploIt the generIc research and 

development challenges at TMI-2. and (b) developIng an understandIng of the 

accident sequence-of-events In the areas of core damage and escape of 

radlonuclides (fIssIon products) and materIals from the reactor core. 

The Sample AcquIsItIon and Examination (SA&E) Program, whIch Is part 

of the TMI-2 AccIdent EvaluatIon Program funded by DOE, Is described In 
References 1 and 2. The SA&E Program Includes In sItu measurements wIthin 

the reactor, sample acquisItIon, and examinatIons performed by private 
organizations and state and federal agencIes. Some of the data obtained to 

date IndIcate the followIng: 

• Temperatures 1n large regIons of the core exceeded the meltIng 

temperature (~2200 K) of the fuel claddIng, slgnlf~cant fuel 

lIquefaction by molten zlrcaloy occurred, and evIdence of some 
fuel meltIng has been observed, IndIcatIng temperatures up to 

3100 K. 

• Some core materials relocated Into lower parts of the reactor, 
leaving a void in the upper lore regIon equivalent to 

approximately 25% of the original volume. Between ten and twenty 
metric tons of core and structural materials now are located in 

the space between the bottom head of the reactor vessel and the 

ellIptical flow dislrlbutor. 
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• Fission product retention in core materials remaining within the 
core is slgnificant. Fission products relocated outside the core 
were located primarily in reactor cooling system water, and water 
and concrete in the Reactor Building basement. 

Significant findings from the examinations have resulted in the 

following: (a) increased technical interest in lMI-2, because the accident 

represents a severe fuel damage event in full-scale, (b) reconsideration of 

plans and equipment for defueling the TMI-2 reactor, and (c) expansion of 

the TMI-2 acc'dent examination plan to determine both the consequences of 
high temperature interactions between core components and the extent of 

release from the fuel of the lower volatility fission products. 

Examination of the fuel rod segments will provide direct data on 

localized temperature, fission product retention, material composition, and 

extent of oxidation. Analysis of these data will provide a basis of 

comparison for benchmarking core heat-up and fission product transport 

codes, checking estimates of hydrogen generation, and comparing source term 

calculations. 

3 



2. SAMPLE HIS10RY 

lhis section presents specific details concernIng the desIgn, history, 

and acquisition of the fuel rod segments, IncludIng (a) design 

characteristics of the lM1-2 fuel rods; (b) the environment that the rods 

were exposed to during the accident and subsequent 5 years; (c) the 

original locations of the segments in the core; and (d) acquisition 

techniques, handling methods, and packaging for shipment to the Idaho 

Nat10nal Engineering Laboratory (INEI). 

2.1 fuel_Rod Design Characteristics 

Design data for the 1MI-2 fuel rods 3 are summarized in 1able 1 of 

this report. a A cross-sectional view of a representative, prepre~surized 
fuel rod from the TMI-2 core is presented i~ Figure 1. 

2.2 TMI-2 Accident and Recovery Period Environment 

This section briefly describes some of the environmental conditions in 
the T"l -2 reactor during the accident and subsequent 5 years before 

acquisition of the fuel rod segments. A more comprehensive description of 

the accident sequence and its effect on the fuel assemblies still standing 

at the core periphery in the upper core region is contained in Reference 2. 

The end-state of the upper reactor core region, support structures, 
and reactor vessel, as hypothesized from various examinations and 

measurements, is shown in Figure 2. A void existed in the upper region of 

the core that encompassed approximately 25% of the total core volume and 
extended to the outermost fuel ajsemblies. Figure 3 is a topographical, 

cross-sectional map of the s!des of the core cavity at the elevations from 
. 4 

which the fuel rod segments were obtaIned. lhe segments were cut from 

standing fuel rods at core positions 11, N?, dnd M2. lhe rods appear to be 

representative of Intact fuel rods. 

8. 1he 1~1-? core WnS composed of three uranium enrichment zones (1.98, 
2.64, and 2.96 wt%). lhe six fuel rod spgments a1 I are of the 2.96-wt% 
enrichment category. 
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lABLE 1. 1M1 -2 FUEL ROD DESIGN DATA 

Parameter 

Geometry 
Total length (em) 
Aetlve fuel length (em) 
Cladding 00 (em) 
Cladding 10 (em) 
Pellet dlameter (em) 
Pellet density (% T.D.)a 
Pellet enrlehment (wt%) 
Pellet length (em) 
Pellet dish (vol%) 
Upper plenum length (em) 
Lower plenum length (em) 
Fill gas pressure (psia) 
Plenum sprlng volume (em/em 3 ) 
Spacer dlameter (em) 
Spacer length (em) 
Fuel materlal 
Claddlng materlal 
End plug materlal 
Sprlng material 
Spacer material 

Materlal weights: 
U02 (kg) 
Zircaloy-4 (kg) 
304 SS (kg) 
Zr02 (kg) 

Total material weight (kg) 

Value 

389.1 
360 
1.1 
0.94 
0.93 
92.5.t 1.5 
1.98. 2.64. and 2.96 
1.75 
1.7 ± 0.5 
20.0 .t 2.5 
7.5 .t 2.5 
465 ! 50, hellum 
0.20 .t 0.01 
0.92 
1.1 
Sintered U02 
Cold-worked Zircaloy-4 
Zircaloy-4 
304 SS 
Zr02 

1.03 
0.56 
0.02 
0.01 

3.12 

a. % T.O. = percent of theoretical density. 

b. Based on original design criteria for fuel pellets. 

Comments 

Cylindrical 

Assumedb 

Assumed b 

Assumed b 
Assumed b 

As sumc.·db 

Assumed b 

Assumedb 

Assumedb 



End cap ....--Identification mark 
typical--"---I# 

Upper gas 
plenum 

Rigid spacers 

l-r-nl1-_-End cap seal weld 
typical 

I~~~,------i pper spring spacer 

typical ----..... Ff:~ 

~--Fuel pellet stack 
Rigid spacers 
typical ~------H~;:J 

Lower gas plenum_ 

610698 

Figure 1. Cross-sectional view of a representative, prepressurized fuel 
rod from the TMI-2 core. 
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figure 2. Hypothesized end slate of the TMI-2 (ore and reactor vessel. 
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A debris bed ranging from 0.6- to about 1.0-m deep was at the bottom 
of the core cavity. Samples of debris from two locations near the center 

of the debris bed have been obtained and examined. A hard (impenetrable) 

layer of material was detected about 1.6 m from the bottom of the core 

(i.e., near the mid-core elevation) when the debris bed was probed 

mechanically. 

After the accident, the fuel rods remained in the TMI-2 reactor vessel 

until December 22, 1985 (-5 years). They were submerged in water at 

ambient temperature and pressure, with the following concentrations: 

• pH: 7.5 to 7.7 

• Boron: >4350 ppm 

• Buffer: sodium hydroxide (1500 ppm). 

Therefore, causes other than exposure to the short-term temperature during 

the accident may have affected the characteristics of the fuel rods. They 

include leaching of core materials and fission products from exposed 

surfaces and oxidation of surfaces caused by chemical interaction with the 

coolant. 

2.3 Segment Locations in the Core 

Acquisition information furnished by GPU Nuclear was used to identify 

the original locations of the fuel rod segments in the core. All of the 

segments were obtained from sections of fuel rod located between the first 
and second spacer grids. This corresponds to the area between contour 

lines 16 and 40 shown in Figure 3. 

Figure 4 shows the original locations of the standing fuel rod 

segments examined. It presents the following information for each segment: 

• lhe segment identification number 
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Core Rod Fuel Assembly Extremity Condition 
Segment Position Position Axial Regiona 

Upper Lower 

L1 B10 Between upper Sheared Transition b 
spacer grids 

2 L1 B10 Adjoining (above) Sheared Sheared 
Segment 1 

3 N2 N1 Between upper Sheared Sheared 
spacer grids 

4 M2 R15 Between upper Sheared Sheared 
SfJacer grids 

5 M2 R13 Between upper Sheared Sheared 
spacer grids 

6 M2 R13 Adjoining (below) Sheared Sheared 
Segment 5 

a. All segments were obtained from between the first and second spacer 
grids (52 to 105 cm from the top of the fuel assemblies). 

b. A transilion region is defined as the interface between the standing fuel 
rod and prior molten material. 

6 10697 

Figure 4. Locations of the standing fuel rod segments retrieved from the 
TMI -2 core. 

10 



• The location (core and rod positions) of the specific standing 
fuel rod from which each segment was obtained and the fuel 
a~semb1y axial region 

• The condition of the fuel rod segment extremities. Note that 
only one segment had a possible transition region at one of its 

extremities. 

Figures 5, 6, and 7 are still-images obtained from video 

survey/monitor recordings (CCTV) of fuel assemblies at core positions L1, 

N2, and M2. Th~ video surveys were conducted on December 6 and 21, 1985. 

The video monitoring was conducted during acquisition of the fuel rod 

segments on December 22, 1985. The December 6 and 21 still-images were 

made using special video enhancement and still-image production equipment. 

The December 22 still-images are photographs of the video display monitor. 

The combination of dark objects, underwater lighting, water turbidity, and 

video system distortion of the true image caused the image deterioration. 

The condition of the fuel assembly at core position Ll is shown in 

Figure 5. The upper end fitting and fuel rod bundle are only partially 

intact, with several fuel rods and guide tubes in the northwest quadrant 

missing. Between the upper end fitting and the next spacer grid, there are 

zones of interaction between the following: 

• Pellet stack holddown spring and fuel rod cladding 

• Fuel pellet and fuel rod cladding 

• Fuel rods and spacer grids. 

Segments 1 and 2 were obtained from fuel rod position B10 (rod 

location in fuel assembly) of core position Ll, which is immediately behind 
the sixth fuel rod from the left side of the fuel bundle. This section of 

the fuel rod was divided into two segments; Segment 1 is the lower end 
with a transition region, and Segment 2 is the adjoining upper segment. 

11 



Possible burst fuel 

64675 

Flgure 5. View of the side of the 1M} -2 core cavlty, showlng the fuel 
assembly at core positlon Ll. 
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December 6, 1985 

December 22, 1985 

64688 

Figure 6. View of the sid€! of the 1MI·? core cavlty. showlng the fuel 
assembly at corp positlon N? 
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Vlew of the slde of the 1H1-2 core cavlty, showlng the fuel 
assembly at core posltlon H2. 



The cond1t10n of the fuel assembly at core pos1tion N2 is shown in 
Figure 6. lhe northwest corner of the upper end f1tting is ablated, and 
the fuel rod bundle is partially intact, w1th more than half of the fuel 

rods and guide tubes missing in the region where the fuel rod segment was 
cut. 

Segment 3 was cut 1n the top region of the pellet stack from the 

position Nl fuel rod of the core position N2 fuel assembly. It appears 
that the adjacent fuel rod toward the core center is missing, which 

indicates the fuel rod was close to, or at the perimeter of, the core 
cavity. 

The condition of the fuel assembly at core position M2 is shown in 

Figure 7. The M2 fuel assembly fell onto the floor of the core cavity 

sometime between December 6 and 16, 1985, leaving three bent fuel rods 

still remaining. The remnant of the next spacer grid below the upper end 
fitting can be seen supporting the three fuel rods. It is believed that 
the spacer grid remnant 1s the southeast corner of the spacer grid. It is 

believed also that the three standing fuel rods are in rod positions R13, 

R14, and R15, which were adjacent to the core former wall, with R15 also 
adjacent to a fuel rod from the core position N2 fuel assembly. The core 

position M2 fuel assembly is badly damaged, with up to half of th~ upper 
end fitting tie-plate ablated, and more than half of the fuel rods and 

guide tubes missing on the north si~e. 

Information obtained from the acquisition of the M2 fuel rod segments 
and the video monitor recordings indicate the following: 

• All three rods from the core position M2 fuel assembly were 

shortened by amputating the upper extremities with shears near 
the top of the fuel pellet stack. 

• Segment 4 was cut from the top of the shortened, position R15 

fuel rod. 

15 



• Segments 5 and 6 were cut in sequence from the top of the 
shortened, position R13 ~ue1 rod. 

2.4.1 Retrieval from the Core 

The six fuel rod segments were cut from the standing fuel asseh~ly 

remnants on December 22, 1985, using a remotely operated vise grip and 

heavy duty shears. Each segment was approximately 15-cm long. A vise grip 
was used to firmly hold the fuel rods during shearing and to transfer the 

segments to nearby (in the core cavity) three-chambered shipping 
receptacles (fuel pin sample cells). CCTV monitoring of the process was 

recorded almost continuously and was used as the principal technique for 
identifying the origindl location of each segment. 

2.4.2 Packaging and Shipplflg 

The six fuel rod segments were packaged in concentric vessels for 

shipment to INEl, identified as follows: 

1. An innermost, stainless steei, three-chambered fuel pin sample 

cell (three segments per sample cell) 

2. A specially designed, lead-shielded container 

3. A sealed, steel, 10.75-in.-00 by 14.25-in.-10ng 2R container 

4. A general purpose shipping cask designated as the CNSI 1-13 C II 

cask, manufactured by Chern Nuclear Systems, Inc. 

The fuel pin sample cells and shielded container are self-draining, so 
the fuel rod segments were exposed to air continuously after the sample 

cell and shielded container were lifted from the water-filled core cavity. 

16 



Pack1ng was not used between the segments and the walls of the sample 

cells. The sample cells and sh1elded conla'ner f,t closely logether. The 

sh'e1ded conla1ner and 2R conta1ner also f1t together closely. The 

conf1aurat10n of the sh'pp'ng cask after 10ad'ng cons1sted of (a) a stack 

of three 2R conta1ners (two conta'ned the s'x segments; one was empty) 

separated by wood pallets and (b) a wood shor'ng cage to lmmob'llze the 2R 
conta'ners 1ns1de the sh1pp\ng cask. The cask was transported to INEL by 

truck. It 1s assumed that nothing occurred dur1ng shear lng, packaglng, and 
sh'pplng of the segments to alter thelr phys1ca1 cond1tlon. There were no 

1dent1f1ab1y fresh scor1ng or marks on thp. rods except at the cutt1ng 
10cat10ns. 
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3. EXAMINA1ION PLAN AND ANALYllCAL ME1HODS 

Because GPU Nuclear was successful 1n identifying the speclfic core 

positions dnd fuel rods from which the segments had been obtained, a 
limited, nondestructive examination plan was developed to characterize the 
fuel rod segments and determine if they merited further destructive 
examination. The examination plan was based on using three relatively 

inexpensive examination techniques available at INEL. The techniques, \n 
order of use, were neutron radiography, gamma spectroscopy, and visual and 

photographic examinations of the inner and outer surfaces of the segments. 
The neutron radiography and gamma spectroscopy analyses were performed 

initially to (a) determine if important features of the rud segments might 
be disturbed during future cutting operations and (b) locate the pellet 

interfaces so the segments could be cut at locations that would minimize 
contamlnation of the hot cell. The examination methods and procedures are 

listed below. 

• Neutron Radiography--Neutron radiography of the fuel rod segments 
was performed in the neutron radiography facility of the Coupled 

Fast Reactivity Measurement Facility at INEL. Two series of 
measurements were performed, the f\rst after a 45-min irradiation 

period and the second after a l-h irradiation to improve 
resolution of the radiographs. 

• Gamma Spectroscopy--The gamma spectroscopy data acquisition 

system used was a Davidson Model No. 2056-4k, and the detector 

system was a collimated portable Orlec Hyperpure germanium 

detector (Hodel No. GEM-08l80-S). Data analysis was done using 
6 the gamma spectroscopy analysis code GAP on the Vax computer 

at the Radiat~on Measurements Laboratory of INEL. 

• Visual and Photographic Examinations--Visual and photographic 
examinations were performed of (a) the intact segments in plastic 

storage containers, (b) the segments compared with an intact 

18 



p1ece of fuel rod cladd1ng to evaluate rod deformat10n. and 

(c) cut surfaces removed to evaluate deformat10n and ox'dat10n of 
the 1nterlor and exterlor surfaces of the fuel rod c1addlng. 
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4. EXAMINATION RESULTS 

Results from the neutron radiography, gamma spectroscopy, and visual 

and photographic examinations of the s1x fuel rod segments are presented in 

th1s sectlon. 

4.1 Neutron Radiography 

Neutron rad10graphy was performed on each of the six fuel rod 

segments. Rad10graphs were obtained at two rod orientations (0 and 

180 degrees) to evaluate vari~tions in surface characteristics. However, 

no significant differences were observed between the two orientations, and, 
therefore, only one radiograph of each segment is presented in th1s 

report. The slx radlographs are shown in Figures 8 through 10. 

Figure 8 shows Segments 1 and 2, which were obtained from fuel 

assembly p~sition L1, rod position 810. Segment 1 conta1ns an apparent 

transit10n reg10n (1.e., an intact portion of the rod which had probably 

extended e1ther part1a1ly or wholly into the high temperature region of the 

core). The flattened region was observed prior to the cutting operations, 
and suggests that the pellet loss and ~ubsequent crimping of the fuel rod 

most llkely occurred during the accident. The gamma spectroscopy and 

visual/photographic exam'~~tions of Segment 1 provide further ev1dence of 

transition conditions. Segment 2 is from the top of the fuel pellet stack 

and shows no apparent high temperature effects, such as pellet/cladding 

interaction. 

Figure 9 presents the neutron radiographs of segments from t~o fuel 

assembly positions. Segment 3 was obtained from the N2 fuel assembly 

position, at rod position Nl. This segment is from the top of the fuel 

pellet stack and shows both the end of the pellet stack and a zircaloy 

sleeve-type spacer instead of the expected a ZrO? washer. There is no 
apparent transition region in this segment; however, there is some possible 

pellet/cladding interaction. Segment 4 was obtained from the position M2 

fuel assembly, at rod position R15. This is an intact rod segment with no 

apparent interaction regions at any location. 
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Figure 8. 

Segment 1 

Top of 
pellet 

Segment 2 

stack ---J 

Neutron radiographs of Segment 1 (core position Ll, rod 
position B10, at the transition region) and Segment 2 (core 
position Ll, rod position B10, near the top of the rod). 
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Segment 3 

Top of 
pellet 
stack __ ---T--tI_ 

/ Zircaloy 
/ spacer 

Segment 4 

Figure 9. Neutron radiographs of Segment 3 (core position N2, rod 
position Nl) and Se9ment 4 (core position M2, rod 
position R15). 



Fi gure 10. 

Segment 5 Segment 6 

Neutr'on radi oqraphs of Segment 5 (core pos i ti on M2, rod 
position R13, upper segment) and Segment 6 (core 
position M2, rod position R13, lower segment). 
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Flgure 10 presents the rad10graphs of two rod segments, also from fuel 
assembly posltion H2. Segment 5 1s from a 10cat10n near the top of rod 

pos1tion R13. and Segment 6 was obta1ned from just below Segment 5. There 

are no apparent 1nteract10n reg10ns or other outstand1ng features 

assoc1ated w1th these segments. 

Table 2 presents the characterlstlcs of the slx fuel rod segments 

exam1ned, as determlned from the neutron rad10graphs. 

4.2 Gamma Spectroscopy 

Gamma spectroscopy analyses were performed on the lntact fuel rod 

segments to determlne the re1atlve d1strlbut10n of gamma ray emltters and 

to compare them w1th an ORIGEN2 code7 ana1ys1s of the THI-2 core. A 

ca11bratlon standard was prepared uslng zlrca10y c1addlng encased lead, 

w1t.h a 5.07-cm-10ng Eu-152 source placed 1n a small d1ameter hole 1n the 

center of the s1mu1ated fuel rod segment. The ca11bratlon measurements and 

eff1c1ency data are 11sted ln Append1x A. The uncertalnty assoclated wlth 

the eff1c1ency data 1s approx1mate1y 50%. 

To character1ze the fuel rod segments, gamma spectroscopy measurements 

were obtalned at speclfled lengths along each segment (see Appendlx A). 

The flrst segment analyzed was Segment 5 (core posltion M2, rod 

pos1t10n R13). Elghteen measurements were taken along the length of thls 
segment, at 1-cm lncrements. Prlnc1pa1 radlonuc11des measured were Cs-137, 
Sb-125, Ru-106, Ce-144, Eu-154, and Co-60. Flgures 11 through 16 show the 
d1strlbutlon of rad1onuc11des along the length of thls segment. These data 

are presented 1n counts/second at a characterlstlc gamma ray energy (see 

~ppend1x A). 

The Cs-137 results shown 1n F1gure 11 lnd1cate a 11near reductlon ln 

act1v1ty from the bottom end (lower In the core) to the top end of the 
segment. The reduct10n 1n actlvlty probably corresponds to the reduct'on 

ln neutron flux near the outslde edges of the core. Varlat10ns of th1s 

extent are expected near the perlphery of the core. The flsslon products 
Sb-125, Ru-106, Ce-144, and Eu-154 show correspondlng reductlons ln 
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TABLE 2. FUEL ROO SEGMENT CHARACTERIS1ICSa 

Number a 
Core Rod Length of Fuel 

Segment Pos H ion PosHion (cm) Pellets Comments ---

1 L1 B10 17. 5 7 Apparent collapse of rod after 
pellet loss 

2 11 B10 15 8 Spacer 
3 N2 N1 10 b.2 Possible pellet cladding 

interaction near the top and 
bottom 

4 M2 R15 19.5 11.3 No apparent interaction zones 
5 M2 R13 18 10.3 Intact rod--no interaction 

zones 
6 M2 R13 10.5 6.5 Intact rod--no interaction 

zones 

a. Determined from neutron radiographs. 
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activity (Figures 12 through 15). The varlabi11ty in the measured 

activities is within the uncertainty associated with the measurements. The 

Co-60 measurements shown in Figure 16 do not indicate the same consistent 

reduction in activity, probably because of corrosion materials deposited on 
the surfaces of the segment. 1he measured count rates (405 cts/sec) 

suggest relatively low surface concentrations. 

After examining Segment 5, which indicated relatively constant 
activity distributions along the segment for all fission ~roducts, the 

remaining segments were analyzed at the center and each end to define 

potential activity gradients. These data are listed in Appendix A. 

A comparison was performed to determine if the fuel rod segments 

showed approximately the same concentrations of fission products as 

predicted by the ORIGEN2 code. This analysis is not precise, as there are 

some differences in geometry between the calibration standard and the 

actual rod segments. As previously noted, the uncertainty associated with 

the efficiency data is on the order of about 50%. A more accurate 

calibration method (which was beyond the scope of this study) would involve 

removing samples for radiochemical analysis from an intact fuel rod segment 

and then ca1ibrating, using the intact segment. 

Table 3 lists the ORIGEN2 calculated burnup range for each of the six 

segment locations. These burnup data were used to generate the average 
ORIGEN2 calculated radionuclide concentrations (see Reference 7). Table 4 

compares the measured and ORIGEN2 calculated concentrations at three 

segment locations. 

The concentrations for all radionuclides except Eu-154 are within 

approximately 50% of the predicted values (i.e., approximately within the 

uncertainty of this analysis). The lower-than-expected results may also be 

attributed to the fact that the elevation of the sampled rod is not 

accurately known. The Eu-154 concentrations are significantly lower than 

predicted by ORIGEN2. This is possible because the production of Eu-154 is 
via a neutron capture process, which makes calculation of expected 

concentrations very uncertain. 
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TABLE 3. ORIGEN2 CALCULATED BURNUP RANGES AT SEGMENT LOCATIONS 

Segmenta 

1 
2 
3 

4 
5 
6 

b Burnup 
(MWd/MTU) 

967-2186 
967-2186 
911-1806 

1456-2974 
1456-2974 
1456-2974 

a. The slx fuel rod segments all are of the 2.96-wt%-enr1chmer.t category. 

b. Corresponds to Fuel Group 9 of the ORIGEN2 code (Reference 7). The 
burnup data are l1sted as ranges because the sampl1ng locatlons could not 
be deflned more accurately. 
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TABL~ 4. COMPARISON OF MEASUREO AND ORIGEN2 CALCULATED RADIONUCLIDE CONCENTRATIONS AT THREE SEGMENT LOCATIONS 

Segment and Locatlona 

Segment 5 Segment 3 Segment 6 
(Measurement 61 (Measurement 31 (Measurelllent 21 

Relat1ve ORIGEN-2 
Intens1ty Calculated Measuredc Fract10nal Measuredc Fractlonal Measuredc Fractlonal 

Rad 1 onuc 11 deb 
Energy (galTfllasl Concentratlon Concentratlon Retentlon Concentratlon Retent10n Concentrat1on Retentlon 
lliY..L dlslntegratlon) II!C1/g) II!Cl/gl 1"1 _M..1.L9.1 __ {"I (pCl/g) (") 

137Cs 661.6 85 4.20 E+3 3.6 E+3 86 2.02 E+3 48 4.5 E+3 110 
125Sb 427 .9 31 1.06E+2 6.35 E + 1 60 4.2 E+l 40 7.1 E~l 67 
106Ru 621.8 11 1.04 E+2 B.14 E+l 78 4.5 E+1 43 1.01 E+2 97 
144Ce 696.5 1.5 2.21 E+2 2.16E+2 98 9.8 E+l 44 2.94 E+2 133 
154Eu 1274 37 1.19E+l 2.20 18.6 0.58 5.0 4.18 3.5 

a. See Append1x A. 

b. £lOCo ls an act1vat10n product of structural materlals, so ls not lncluded In thls table. 

c. Measured concentratlons calculated by: 

counts 1 1 
--- x E ff 1 c 1 enc y x ""Re-l"""a"""'t'""'1'-v-e--'--;-I-n7t-en-s-''"'t'-y x Convers10n Factor x , __ <L ._" x Convers10n to Mass Concentratlon 

counts --- x gammas 
count 

Un1t Convers10n Factors: 

137Cs 1. 51 
12'Sb 4.55 
106Ru 1.18 E+1 
144Ce 8.42 E.1 
154Eu 3.77 

x 
d1s1ntegratlons 

gamma 

I!Cl - s - cm 
d - cm - 9 

x 4 
3.7 x 10 

pCl 
dlslntegratlons x 

s 

1 
1.8 cm x 1 cm 

"'7:2IIg 
ill 

g 



Each fuel rod segment was subjected to both v1sual and photographic 

examinations and compared with a portion of new cladding to evaluate 

deformations (bends or thickness variations) in the cladding. Figures 17 

through 34 show side, top, and/or bottom views of each of the rod segments. 
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Figure 17. Side view of Segment 1 inside the container tube, showing the 
transition region at the right end. A new segment of fuel rod 
claddin9 is shown above for comparison. 

fjf.-260-210 

Figure 18. Side view of Segment 1 inside the container tube, showing the 
transition region at the right end. A new segment of fuel rod 
cladding inside a container tube is shown above for comparison. 
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Figure 19. Side view of Segment 2, after sectioning removal of the lower 
end deformed by the TMI-2 d€~ueling shear tool. A new segment 
of fuel rod cladding is show~ above for comparison. 

86-260-1-28 

F'gure 20. V'ew of Segment 2, showIng the top end deformed by the TMI-2 
defuellng shear tool and the top end of the z'rcaloy spacer 
sleeve, whIch was between the fuel pellet stack holddown spring 
and the pellet stack. A new segment of fuel rod cladding is 
shown at the rIght for comparison. 
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86-260-1-29 

Figure 21. Bottom end view of Segment 2, after sectioning removal of both 
ends deformed by the TMI-2 defueling shear tool. Removed ends 
are shown below, and a new segment of fuel rod ciadding is 
shown for comparison. 
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Figure 22. Side view of Segment 3, after sectioning removal of both ends 
deformed by the TMI-2 defueling shear tool. A new segment of 
fuel rod cladding is shown above for comparison. 
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86·260·1·6 

Figure 23. lop end vIew of Segment 3, after sectioning removal of the top 
end deformed by the lMJ-2 defueling shear tool. A new segment 
of fuel rod cladding Is shown at the right for comparIson. 
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Figure 24. Bottom end view of Segment 3, after sectioning removal of both 
ends deformed by the TMl-2 defueling shear tool. Removed ends 
are shown below and a new segment of fuel rod cladding is shown 
at the right for comparison. 
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86-260-1-10 

Figure 25. Bottom end view of Segment 3, after sectioning removal of both 
ends deformed by the TMI-2 defueling shear tool. Removed ends 
are shown below, and a new segment of fuel rod cladding 15 
shown at the right for comparison. 
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F'gure 26. Slde v'ew of Segment 4, showlng both ends deformed by the TMI-2 
defue11ng shear tool. A new segment of fuel rod cladd'n~ is 
shown above for compar'son. 

86-260-2-5 

F'gure 27. Vlew of Segment 4, showlng the top end d~formed by the TMl-2 
defueling shear tool. A new segment of fuel rod cladding is 
shown at the left for comparison. 
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Flgure 28. Vlew of Segment 4, showlng the bottom end deformed by the TMI-2 
defuel'ng shear tool. A new segment of fuel rod claddlng 'S 
shown at the left for comparison. 
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Flgure 29. Side view of Segment 5, showing both ends deformed by the TMI-c 
defuellng shear tool. A new segment of fuel rod cladding is 
shown above for comparison. 

86-260'2-7 

Figure 30. View of Segment S, showing the top end deformed by the lMI-c 
defue11ng shear tool. A new segment of fuel rod cladding 1s 
shown at the left for comparison. 
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Figure 31. View of Segment 5, showlng the bottom end defo~med by the TMI-2 
defuellng shear tool. A new segment of fuel rod cladd1ng is 
shown at the left for comparison. 

42 



, :-

86·260·1·17 

F1gure 32. S1de vIew of Segment 6, after sect10nlng removal of the lower 
end deformed by the 1MI-2 defue11ng shear tool. A new segment 
of fuel rod claddlng Is shown above for comparlson. 

86·260·1·21 

FIgure 33. VIew of Segment 6, showIng the top end deformed by the TMI-2 
defueling shear tool. lhe removed end Is shown below, and a 
new segment of fuel rod claddIng Is shown at the right for 
comparIson. 
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86-260-1-22 

Figure 34. View of Segment 6, after sectioning removal of the bottom end 
deformed by the TMI-2 defueling shear tool. The removed end is 
shown below, and a new segment of fuel rod cladding Is shown at 
the rIght for comparison. 
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5. OBSEHVA1I0NS/CONCLUSIONS 

lhe following observations have been made concerning the six fuel rod 

segments: 

• Neutron rad10graphs of the segments show some evidence of 

poss'ble pellet/cladd'ng interact'on. 

• The gamma spectroscopy analys's results agree with the ORIGEN2 
calculated concentration values within the uncertainty of the 
analys's, except for retention of Eu-154, which is lower than 

expected. This is an expected result, as Eu-154 cannot be 

predicted with a high degree of accuracy. 

• Segment 1 appears to have been flattened in the region where fuel 

pellets may have fallen out of the open end during the accident. 

There's no evidence of shearing or handling that could have 

caused the deformation. 

• There 1s no evidence of signif1cant zircaloy oxidation on any of 

the rod segments, indicating these fuel rod regions did not get 

hot enough (>1500 K) to be subjected to oxidation during the 

accident. 

• lhe TMI-2 fuel rods used zircaloy sleeve spacers between the 

pellet stack holddown springs and fuel pellets instead of the 
expected Zr02 washers (see Table 1), as determined from the 

neutron radiographs. 

• No evidence of prior molten materials was observed in any of the 

segments. 

The segments analyzed present examples of intact rod sections or rods 

where pellets have fallen out and the cladding flattened, possibly during 

the accident. Destructive examination of these samples was not recommended 

by the TMI-2 Accident Evaluation Program because other fuel rod segments 



became available which were subjected to higher temperatures anL WhlCh 
contained interaction lones between components. These fuel rod segment 
samples ~tl~, however, distributed to other national laboratories and to 

[uropean countries as part of domestic and internatlonal TMI-2 examination 

programs. 
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APPENDIX A 
GAMMA SPECTROSCOPY ANALYSIS RESULlS 

Th1S append1x presents the geometry and calibrat10n methods and 

results of the gamma spectroscopy analys1s of the lntact fuel rod 

segments. T~ geometry used for the fuel rod segment measurement 1S shown 
1n Figure A-l. Two collimators were used, the second colllmator located 

adjacent to the fuel rod segment. This method allows measurements of l-cm 
increments of the fuel rod. The detector collimator 1 and the fuel rod 

segment were aligned by taking a serles of measurements at d1fferent 
detector heights to determine the opt1mum source-to-detector al1gnment. 

All measurements were performed without modifying this alignment. 

10 perform measurements at different rod locat10ns, each fuel rod was 
attached to a scanning bed which could be translated passed collimator 

No.2 in l-cm 1ncrements. 

Calibration of the measurement system was performed using a s1mulated 
fuel rod segment containing 952 ~Ci of Eu-152. The uncertainty 
associated with this standard is approximately 30%, owlng to density and 
activity variations in the ~tandard. Table A-l presents the measured count 

rates obtained at various locations along the standard. These data were 
integrated, and an efficiency curve was generated (i.e., counts/gamma) 

(Table A-2). 

lable A-3 lists the measured rad10nuclide data in counts per second 
for Segment 5 (core position M2, rod position R13). Eighteen measurements 

were taken along the length of this segment to define the fission product 
distribution within the rod segment. 

lable A-4 presents the measured radionucllde count rate data for 

Segments 1, 2, 3, 4, and 6. 

lable A-5 lists the calculated counts per gamma efficiencies for each 

radionuclide at the energies charact.eristic of each radionuclide measurable 

in the fuel rod segments. 
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Figure A-l. Gamma spectrometry system configurat ion. 
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TABLE A-1. CALIBRATION MEASUREMENTS USING THE EUROPIUM-152 STANDARDa 
(eounts/s ± 1 a in %) 

Axial Distance from Center of Standard 

Energy 
3 em Left b 2 em Left e em Left C b e 1 cm Right e 

~ Center Center 

244.70 0.202 ± 26 0.184 ± 20 0.837 ± 6.0 0.861 ± 6 0.970 ± 6.1 1 .33 ± 4.5 
344.28 1.60 ± 2.8 2.81 ± 3.4 7.32 ± 2.2 7.99 ± 1.1 8.20 ± 1.1 11.1 ± 2.3 
443.98 0.307 ± 11 0.503 ± 9.5 1.23 ± 4.8 1.19 ± 3.8 1 .27 ± 6.5 1. 79 ± 3.1 

778.91 l.03 ± 5.9 2.01 ± 3.7 4.82 ± 1.7 4.95 ± 1.4 5.07 ± 3.4 7.12 ± 1.7 
867.39 0.312 ± 9.1 0.663 ± 5.0 1.42 ± 3.2 1.03±2.9 1 .58 ± 3.0 2.21 ± 4.1 
964.13 1.11±3.3 2.28 ± 2.2 5.02 ± 2.3 5.10±1.4 5.44 ± 2.1 7.07 ± 1.1 

1085.91 0.737 ± 4.9 1.63 2.9 3.37 ± 2.2 3.46 ± 1.7 3.59 ± 1.7 5.08 ± 1.4 
:> 1112.12 0.955 ± 3.5 2.05 2.2 4.35 ± 2.2 4.71±1.4 4.89 ± 2.7 7.02 ± 1.9 I ..,. 1408.01 1.31 ± 3.5 2.98 1.7 6.20 ± 1.9 6.70 ± 3.1 6.84 ± 2.0 9.28 ± 1.4 

a. Di~ensions of the standard: 

Cladding 00 1 .1 em 
Cladding 10 o .98 em 
Cladding length 7.6 em 
Lead 6.3 em x 0.9 em (diameter) 
Hole in lead 3.30 em (length) 
Volume of hole 0.37 mL 
Length of Eu-152 source 5.07 em 

b. Measurements obtained on May 15. 1986. 

c. Measurements obtained on May 14. 1986. 

2 cm R1ght C 

1.13±5 
10.90 ± 1.6 

1.62 ± 3 

6.56 ± 1.3 
2.09 ± 2.0 
6.52 ± 2.0 

4.48 ± 2.1 
5.84 ± 2.8 
8.00 ± 1.3 

3 cm R1ght b 

0.308 ± 26 
2.54 ± 2.7 

0.389 ± 10 

1.53'± 4.3 
0.468 ± 0:5 
1.61 ± 2.1 

1.07 ± 3.3 
1.34 ± 2.9 
1.87 ± 2.2 



TABLE A-2. CALIBRATION EFFICIENCY DATA 

Energy Relative Intensity 
Total counts/sa 

Efficiency 
(KeV) (gammas/disintegration) ( coun t ~/gamma) 

244.70 8 4.700 1 .07 E-o 
344.28 27 41.90 4.41 E-o 
443.98 4 0.70 4.80 E-o 

778.91 14 20.80 5.45 E-o 
867.39 4 8.30 5.89 E-o 
904.13 15 28.29 5.30 E-6 

1085.91 12 19.05 4.50 E-6 
1112.12 14 25.30 5.13 E-6 
l408.01 22 34.89 4.50 E-6 

a. Total acUvHy 952 pC; or 3.52 E+7 disintegrations/s 
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TABLE A-3. GAMMA SPECTROSCOPY DATA FOR SEGMENT Sa 
(counts/s ± 1 a in %) 

Radionuclide 

Measurement Cs-137 Cs-134 b 
Sb-125 Ru-l06 Ce-144 Eu-154 Co-60 

1 2135 ± 3 13.75 ± 6 11.16±6 6.33 ± 5.5 2.23 ± 7 0.596 ± 9 4.64 ± 2.6 
2 2642 ± 3 15.86 ± 10 13.63 ± 10 7.50 ± 5.32 3.10±15 0.787 ± 9 4.62 ± 3.5 
3 2577 ± 3 16.27 ± 9 13.14 ± 5 7.07 ± 4.5 2.36 ± 10 0.662 ± 10.4 4.73 ± 2.3 

4 2501 ± 2.8 15.20 ± 10.4 13.83 ± 15 6.26 ± 6.8 2.87 ± 9.7 0.692 ± 10 4.99 ± 2.2 
5 2450 ± 3.1 14.85 ± 10.8 12.94 ± 8.4 7.17 ± 5.7 2.57 ± 7 0.751 ± 9.4 4.84 ± 2.3 
6 2389 ± 3.1 13.58 ± 12.4 13.96 ± 10.5 6.90 ± 5.4 2.57 ± 13.2 0.584 ± 10.3 4.65 ± 2.3 

7 2312 ± 3.2 12.60 ± 11.7 13.10 ± 15 6.31 ± 9.2 2.30 ± 15.5 0.587 ± 12 4.58 ± 2.3 
» 8 2244 ± 3.1 12.05 ± 11 12.90 ± 17.3 6.31 ± 5.1 2.48 ± 8.3 0.452 ± 12 4.78 ± 2.3 I 
0" 9 21b9 ± 3.2 11 .60 ± 7. 1 12.77 ± 4.5 5.92 ± 6.3 2.03 ± 8.3 0.531 ± 12 4.72 ± 2.3 

10 2092 ± 3.3 lO.67 ± 7.9 10.64 ± 10.2 6.34 ± 10.7 2.87 ± 10.5 0.452 ± 12.5 4.68 ± 2.2 
11 2016 ± 3.1 10.03 ± 7.7 11.78 ± 11 5.91 ± 7 1.90 ± 7.4 0.538 ± 11.7 4.62 ± 2.2 
12 1894 ± 1.6 9.67 ± 7.3 10.44 ± 6.6 5.56 ± 15 1. 95 ± 7.3 0.399 ± 13.3 4.61 ± 2.2 

13 1826 ± 1.6 9.46 ± 9.9 6.33 ± 35 5.33 ± 7.1 1.88 ± 0.9 0.424 ± 12.6 4.60 ± 2.5 
14 1765 ± 1.6 8.58 ± 18 10.22 ± 4.7 5.44 ± 13 1.97 ± 7.5 0.391 ± 21.4 4.77 ± 2.1 
15 1702 ± 1.5 7.67 ± 8.7 10.59 ± 10 5.14±15 1.78±7.2 0.269 ± 15.5 4.65 ± 2.9 

16 1443 ± 1.3 4.10 ± 27 9.64 ± 8.8 4.28 ± 4.9 1 .50 ± 8.1 0.457 ± 21 4.63 ± 2.1 
17 571 ± 5.7 2.27 ± 24 3.706 ± 6.8 2.03 ± 14 0.663 ± 10.3 0.136 ± 20 4.34 ± 3.5 
18 27.1 ± 3.3 0.245 ± 45 4.50 ± 2.9 

a. Core position M2, rod position R13, upper segment. 

b. C5-134 included for comparison only. 



TABLE A-4. GAMMA SPECTROSCOPY OATA FOR SEGMFNTS 1, ?, 3, 4, AND 6 
(counts/s ± 1 a in %) 

Rad10nuclide 

Measurement Location Sb-125 Cs-134 Ru-l06 Cs-137 Ce -144 Ew-154 Co-60 

Segment (core position Ll, rod position B10, lower segment) 

1 3 em from bottom of fuel 9.17 ± 2.4 1 .49 ± 39 61.7 ± 1.5 4.67±1.01 
2 7 em from bottom of fuel 28.5 ± 12 54.1 ± 4 15.8 ± 10 4790 ± 3 5.68 ± 9 2."70 ± 6 4.85 ± 5 
3 11 em from bottom 25.2 ± 21 42.1 ± 7 12.2 ± 5 3930 ± 3 4.89 ± 11 2. Dti ± 5 5.09 ± 3 
4 14 em from bottom 22.4 ± 7 44.3 ± 6 13.8 ± 7 4330 ± 3 5.34 ± 7 2.82 ± B 4.94 ± 5 
5 16 em from bottom 20.6 ± 11 33.1 ± 8 10.9 ± 12 3440 ± 3 3.39 ± 15 1.:;,1 ± 7 4.73 ± 4 

Segment 2 (core position Ll, rod pOSition B10. upper segment) 

1 1 em from bottom 11.9±S.2 13.6 ± 7.5 6.09 ± 5.1 1974 ± 15 1.89 ± 8.8 0.5.118 ± 9.4 4.59 ± 3.3 
2 3 em from bottom 15.5 ± 8.4 16.8 ± 5.9 8.53 ± 6.4 2638 ± 3.6 2.94 ± 8.2 O.710±8.6 6.41 ± 3.4 

:t:> 3 7 em from bottom 6.71 ± 38 10.8 ± 12 5.35 ± 4.8 2077 ± 3.2 2.05 ± 9.3 C.534 ± 10 4.84 ± 3.4 
I 4 10.5 em from bottom 8.72 ± 12 7.89 ± 8.0 4.82 ± 4.7 1808 ± 3.0 1.90±7.2 li.Tlti ± 13 4.69 ± 2.2 

-..J 
5 2 em from top (spring) 3.74 ± 4.6 O.bl ± 37 40.3 ± cO O.:?? ± l3 4.64 .r 2.2 

Segment 3 (core position Nc, rod position Nl) 

1 2 em from bottom 11.1 ± 15 7.74 ± 10 4.60 ± 12 1700 ± 3 1 .64 ± 7 C.2·,'·'5 ± 15 4.64 1: .. 
2 4 em from bottom 8.92 ± 5 6.41 ± 12 4.71 ± 7 1570 ± 3 1.60 ± 7 0.2S0 ± 14 4.43 ± 3 
3 7 em from bottom 9.11 ± 11 2.64 ± 26 3.78 ± 5 1340 ± 2 1.16±8 C.153± 23 4.53 ± 3 
4 10 em from bottom 4.75 ± 34 2.34 ± 27 3.03 ± 18 1200 ± 2 1 .34 ± 8 0.1':';3 ± 20 4.48 ± 2 
5 13.5 em from bottom 3.05 ± 4 0.843 ± 27 15.6 ± 2 4.44 ± 3 

Segment 4 (core position M2, rod position R15) 

1 1 em from bottom 13.4 ± 5 14.5 ± 6 6.27 ± 7 2215 ± 1.4 2.31 ± 6.6 O.652±8.7 4.80 ± 2.2 
2 3 em from bottom 14.0 ± 8.4 16.6 ± 8.7 7.48 ± 4.1 2589 ± 3.6 2.56 ± 12 O.590±11 4.84 ± 2.9 
3 Center 11.9 ± 7.3 11.8±9.4 6.20 ± 6.5 2160 ± 3.4 2.21 ± 7.5 0.414 ± 13 4.80 ± ?2 
4 1 em from top 6.8 ± 10 2.41 ± 2.6 2.48 ± 13 818 ± 1.4 0.727 ± 13 Q.178 ± 15 4.61 ± 2.1 
5 3 em from top 5.5 ± 50 7.37 ± 9.7 5.25 ± 4.8 1705 ± 2.9 1.66±13 n.2S2 ± 17 4.68 ± 2.2 



:> , 
OJ 

TABLE A-4. (continued) 

Measurement Location Sb-125 Cs-134 Ru-l06 

Segment 6a (core pos~tlon M2, rod posltion R13, lower segment) 

1 1 em from bottom 13.9 ± 8.4 19.4 ± 9.1 7.57 ± 4 
2 3 cm from bottom 15.6 ± 4.1 22.2 ± 8.6 8.60 ± 4.9 
3 Center 9.33 ± 41. 21.4 ± 10 9.97 ± 6.0 
4 1 cm from top 4.42 ± 6.3 3.23 ± 10 1.79 ± 7.5 
5 3 cm from top 14.9 ± 6.7 18.0 ± 8.3 7.82 ± 4.6 

a. For reference, background measured actlvltles for Segment 6 were as follows: 

Cs-137 
C5-134 
Co-60 

1.17 ± 2.3 
0.062 ± 10 
4.27 ± 0.9 

Rad~onuclide 

C5-137 

2482 ± 2.5 
3070 ± 3.6 
2959 ± 3.6 

481 ± 0.7 
2724 ± 3.0 

Ce-144 

2.67 ± 9.3 
3.49 ± 13 
2.96 ± 12 
0.55 ± 20 
2.83 ± 7.7 

Eu-154 

0.770 ± 13 
1.11 ± 8.1 

0.903 ± 8.9 
0.17S±16 
0.894 ± 9.1 

Co-60 

4.77 ± 2.9 
4.28 ± 5.1 
4.80 ± 2.5 
4.54 ± 2.1 
4.83 ± 3.9 



lABLE A-5. INDIVIDUAL RADIONUCLIOE EffICIENCIES Al DEfINED ENERGIES 

Energy a Eff'c'ency b 
Radlonucllde - {KeV) liounts/garmla) 

137Cs 661.7 5.22 E-6 
125Sb 427.9 4.74 E-6 
106Ru 621.8 5.15 E-6 

144Ce 696.5 5.29 E-6 
154Eu 1274 4.79 E-6 

60Co 1332 4.66 E-6 
----

a. The energles used for lsotope analysls re the prlnclpal energies (l.e., 
largest branching ratio) for these radionuc1ides or are the hlghest without 
interferences. 

b. Efficiency is determined by interpolat'ng between measured calibration 
points. 
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