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To quantify background neutron counts, several tests were performed. In some cases the beam was left OFF and
in other cases the beam was turned ON, but with no fuel. In all background runs performed, either no bubbles or a
single bubble was observed for the 4-h (beam QFF) and 6-h (beam ON) measurement intervals. Bubble counts of
1 to 2 are consistent with background in the earthen-covered concrete bunker housing the LINAC. This test provided
evidence that the machine was not creating neutrons.

2.3.3.1 Neutron Activation Materials

Finding that the electronic neutron detectors were not reliable, neutron activation materials were placed in
separate vials placed either adjacent to the vials or on top of the LINAC head in a specially made cave of tungsten
and lead. Different materials were used to help further refine the energies of the neutrons being observed by the
Bubble Detectors. Table II gives the materials and neutron energies required to activate the stated channels
(Ref. 14). Materials used included cadmium buttons (nom. 3 g), indium shavings (nom. 3 and 6 g), and gadolinium
shavings (nom. 1 g). All of the materials were contained in 7-mL glass vials and gamma scanned prior to exposure
to ensure no activity above background was present.

The cadmium and indium materials exhibited a metastable state when positioned in the LINAC beam. With the
desire to eliminate this as the cause of the activity, a cave was built to shield the neutron activation materials on top
of the LINAC. The cave (Fig. 1) used 10 cm (4 in.) of tungsten on the floor, front, ceiling, and back of the cave, and
5 ecm (2 in.) of lead on the sides. The samples in the cave were approximately 30 cm (12 in.) from the braking target.
This cave was shown to be ineffective during no-fuel test exposures in eliminating all gamma-induced metastable
radioisotopes. Hence the 11™In data from this initial cave had to be discarded.

2.3.3.2 Solid-State Nuclear Track Detectors

Solid-state nuclear track detectors (SSNTDs; i.e., CR—39, a polycarbonate resin), were also used to detect tracks
of recoil protons caused by incident neutrons. CR-39’s use as a SSNTD is described in Reference 15. When
traversing a plastic material such as CR—39, charged particles such as recoil protons create a region along their
ionization track that is more sensitive to chemical etching than the rest of the bulk (Ref. 16). The size, depth of
penetration, and shape of these tracks provides information about the mass, charge, energy, and direction of motion
of the particles (Ref. 17).

Rectangular-shaped detectors (1 cm x 2 cm x 1 mm, or 0.4 x 0.8 x 0.04 in.) made by Fukuvi USA, Inc., were
obtained from Landauer, Inc. During each LINAC exposure, two CR—39 detectors were placed on top of the LINAC
head about 18 cm (7 in.) from the braking target and out of the main gamma flux to record neutron and charged-
particle strikes from the experiment. Two CR—39 detectors used as control detectors to record background charged-
particle strikes were placed on a table on a lead brick (to simulate the lead LINAC head shielding) in the LINAC lab
area but displaced ~11 m (~36 ft) from the LINAC beam and behind a ~1-m- (~39-in.-) thick concrete wall with lead
shielding to shield the chips from the neutron field and prevent gamma damage. These were used to record
background neutron levels in the laboratory for comparison to the exposed detectors. Two additional detectors were
placed in the control room for the LINAC. Detectors were etched and then analyzed to establish neutron activity and
neutron energies (Ref. 18).

TABLE IL—NEUTRON ACTIVATION MATERIALS, REACTION CHANNELS, AND
ASSOCIATED NEUTRON ENERGIES TO CAUSE REACTION.*

Sensor and material Neutron energies Reaction mechanism

100 to 200 keV threshold Proprietary process:

b
Bubble Detectors through 15 MeV neutron interaction with superheated liquid
C(ﬁ_(?:rbonate ion >144 keV, threshold Proton, carbon, and oxygen recoils
It)ra c){( detectors 1to 15 MeV, For >10 MeV, 2Cy¢(n,n")3c. (i.¢., triple track)
Thermal to MeV level 11511 (n,y) In

0.336 MeV (threshold)® 151 (n,n") 1500
Indium 0.6 MeV (10 mb)° 1510 (n,n') 5[0

1.2 MeV (0.5 b)° 1510 (n,n") 5=

1.7 MeV (1 b)° USTn (n,n") 157n
Gadolinium Thermal to MeV level 18Gd (n,y) *°Gd
Cadmium Thermal to MeV level MCd (n,y) '°Cd

*Only channels with adequate half-lives that could be detected after exposure were included.
*Bubble Technology Industries Inc.
°Neutron capture cross sections obtained from Janis Book (Ref. 19).
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3.0 Experimental Results
3.1  Gamma Spectroscopy

Gamma spectroscopy was used to measure nuclear activity for specimens with and without deuterium after
exposure and to assist in half-life determination.

3.1.1 Deuterated Materials

Each as-received material was scanned for gamma spectral lines before beam exposure, and none was found to
have any activity different than the standard background lines. During the test phase, it took approximately 45 to
60 min after beam exposure to move the sample from the LINAC test head, get it ready for scanning, and place it
into the HPGe detector. In preparation for scanning, the sample was decanted from the exposed 7-ml vial, placed
into a nonexposed 20-ml vial, and counted for 15 min, and then it underwent a 60-min HPGe count. The deuterated
erbium and hafnium samples all showed gamma activity after exposure.

Peaks significantly above background from the collected gamma spectra were analyzed and separated into
groups cotresponding to the following radioisotopes based on the material tested: 1*Er/'5Er, 1"'Er, 1*'mHf, 181Hf,
PMo, 19'Mo, #T¢, and 'Tc. Radioisotope identification was confirmed by identifying that each radioisotope’s
strongest gamma line was present, confirming that subsequent gamma lines in accordance with their known levels of
intensity were present, and calculated half-lives (based on measurements) of each peak coincided with their respective
known radioisotope half-life. Two peaks from 2 naturally occurtring radioactive daughters of radon (*?Rn), 2°Pb, and
214pp are located near peaks found in the collected gamma spectra at 46.70 keV (attributed to '®*Er/'9°Er) and 295.94
keV (attributed to '"'Er). Two additional peaks at 111.62 keV (attributed to !"'Er) and 443.09 keV (attributed to '¥=Hf)
were found that could belong to 2 other naturally occurring radioisotopes of 24Th and 2*Ra respectively. However, the
strongest gamma line of 24Th (63.29 keV) was not present in gamma spectra collected with samples containing
deuterated erbium. In addition, the strongest gamma line of **Ra (269.46 ke V) was not present in any of the gamma
spectra collected. The calculated half-lives of all 4 peaks did not coincide with the half-lives of 2'%Pb, 24Th, 2“Pb, and
23Ra. Instead, the half-lives were much closer to those of 3Er/!5Er, 1"'Er, and *°"Hf. Table III shows the gamma
lines, gamma line intensity, and half-lives for each of the seven aforementioned radioisotopes. Although counts from
these naturally occurring radioisotopes could be within the four peaks observed in the gamma spectra, the peaks (with
reasons stated above) are attributed to the radioisotopes created within the tested materials, as will be further described
below.

Tables IV(a) and V(a) show for these ErD; s and HfD, samples, respectively, the new radioisotopes found that
correspond to the accepted radioisotope energies. Tables IV(b) and V(b) show gamma results for additional ErDy
and HfD, samples, respectively, that were transported back to the HPGE detector using a streamlined technique
allowing faster entry (~30 min) into the HPGe detector and measurement of shorter lived radioisotopes. The tables
include the corresponding net area counts (significantly above background counts), uncertainty (1 sigma), and full
width half maximum energy used for analysis. These results were computed using the GammaVision® 7 software
protocol (Ref. 10).

For the deuterated erbium specimens, Table IV(a) shows posttest gamma spectra, identifying evidence of
radioisotopes of erbium (**Er and 7'Er) and molybdenum (**Mo) and via beta decay, technetium (**Tc). For the
deuterated erbium specimens, Table IV(b) shows posttest gamma spectra, identifying evidence of radioisotopes of
erbium (**Er and 'Er) and molybdenum (**Mo and *'Mo) and via beta decay, technetium (**®T¢ and 19 Tc).

Table V(a) shows posttest gamma spectra, identifying evidence of radioisotopes of erbium (‘*™Hf and '8'Hf)
and molybdenum (**Mo) and via beta decay, technetium (***Tc) for the deuterated hafnium specimens.

Table V(b) shows posttest gamma spectra identifying evidence of radioisotopes of erbium (***“Hf and *'Hf) and
molybdenum (**Mo and *’Mo) and via beta decay, technetium (**™T¢ and 91 T¢).
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TABLE I1.—COMPARISON OF MEASURED PEAK GAMMA LINES WITH NATURALLY OCCURING BACKGROUND
RADIOISOTOPES AND ERBIUM OR HAFNIUM RADIOISOTOPES
[Accepted gamma energy data from Lawrence Berkeley National Laboratory (LBNL, Ref. 11).]

. Accepted data per LBNL
Experimental data . .
Radioisotope gamma lines?
Specimen Measured pe_ak/ Naturally occurring background Created from test material
Calculated half-life (t2)
210Pp (t2=22.3Y) 183Er: x-ray lines (tw2 = 75.0 min)
Energy, Intensity, Energy, Intensity,
keV percent keV percent
PGL2150-2153 46.47 keV/42.67 min 46.54 4.25 47.55 39.90
46.70 22.40
53.88 7.98
6.72 6.70
Z4Th (tuz= 24.1 days) EFr (ty2=7.52 h)
Energy, Intensity, Energy, Intensity,
keV percent keV percent
PGL2150-2153 111.57 keV/16.46 h 63.29 4.80 308.31 64.40
92.38 2.81 295.90 28.90
92.80 2.77 50.74 23.50
112.81 0.28 111.62 20.50
24P (ty2 = 26.8 min) Er (ty2=7.52 h)
Energy, Intensity, Energy, Intensity,
keV percent keV percent
PGL2150-2153 295.88 keV/4.79 h 351.93 37.60 308.31 64.40
295.22 19.30 295.90 28.90
241.99 7.43 50.74 (x-ray) 23.50
53.23 1.20 111.62 20.50
?2Ra (tyz = 11.44 days) 180MHf (ty2 = 5.5 h)
Energy, Intensity, Energy, Intensity,
keV percent keV percent
269.46 13.70 332.28 94.10
PGL2142-2145 443.41keV/11.21 h 154.21 5.62 443.09 81.90
323.87 3.93 215.26 81.30
144.23 3.22 57.56 48.00
338.28 2.79 93.33 17.10
445.03 1.27 500.64 14.30

¥talic numbers were those values that were compared.
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TABLE IV.—ErD; s+C36D74+Mo GAMMA LINES
[Accepted gamma energy data from Lawrence Berkeley National Laboratory (LBNL, Ref. 11).]

(a) PGL 2028a, 2029aa, and 2050 to 2053, measured after 4-h exposure (60-min scan time)

Experiment details Postexposure | Accepted data per LBNL Experimental data
Specimen Elapsed time new Gamma line | Intensity, | Centroid | Net area Count | Full width half
from end of shot | radioisotopes energy, percent energy, counts |uncertainty,| maximum
(detector number) | identified keV keV + (FWHM)
18Ey 47.55 40 47.23 1923 166 1.48
171Gy 111.62 20 111.65 675 38 0.86
171Ey 116.66 2 116.58 43 28 0.59
675 h gy 295.90 29 296.01 1353 43 1.08
PGL 2028a o 1T Er 308.31 64 308.41 2916 58 1.07
(Unit 1) 5
Mo 140.51 89 140.6 1068 62 0.93
Mo 181.06 6 181.1 43 27 1.1
Mo 739.50 12 739.33 98 17 1.19
Mo 777.92 4 778.23 48 15 0.37
18Ey 47.55 40 47.52 1322 104 2.05
171Gy 111.62 20 111.67 504 32 1.24
17y 116.66 2 117.11 60 28 0.36
Mgy 124.02 9 124.1 242 31 091
PGL 2029aa 6.75h 17Ey 295.90 29 296.06 1004 40 1.18
(Unit 3) 17y 308.31 64 308.48 2101 60 1.26
Mo 140.51 89 140.56 698 38 1.02
Mo 181.06 6 180.83 76 53 0.44
Mo 739.50 12 740.06 76 16 0.8
Mo 777.92 4 777.95 32 15 0.54
168Ey 47.55 40 47.19 2398 154 1.88
I7Ey 111.62 20 111.61 1182 45 0.88
gy 116.66 2 116.59 108 33 0.59
171Gy 124.02 9 124 567 39 0.86
325h By 295.90 29 295.95 2516 55 1.01
PGL 2050 (Unit 1) gy 30831 64 30834 | 5306 75 1.08
Mo 140.51 89 140.52 1072 80 1.07
Mo 181.06 6 181.2 127 28 047
Mo 739.50 12 739.28 133 20 1.22
Mo 777.92 4 777.59 78 15 1.07
18y 47.55 40 47.63 3021 154 1.92
I7Ey 111.62 20 111.67 1484 48 1.28
I7Ey 116.66 2 116.77 247 36 0.96
171Ey 124.02 9 124.06 738 44 1.01
PGL 2051 3.5_ h gy 295.90 29 295.95 3314 62 1.28
(Unit 3) 171Gy 308.31 64 308.39 6777 85 1.27
Mo 140.51 89 140.51 1270 52 1.07
Mo 181.06 6 181.09 231 64 1.19
Mo 739.50 12 739.85 129 22 1.77
Mo 777.92 4 778.11 85 18 1.77
163Er 47.55 40 47.51 2933 166 1.64
171Gy 111.62 20 111.66 1539 50 1.07
gy 116.66 2 116.72 193 36 0.98
45h | e | | osw | w6 | Ta
. r . . .
PGL 2052 (Unit 3) TEr 30831 64 30841 | 6891 86 132
PMo 140.51 89 140.56 1772 57 1.12
Mo 181.06 6 181.15 175 32 1.09
Mo 739.50 12 739.94 216 19 1.22
PMo 777.92 4 778.35 59 18 0.74
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TABLE IV.—ErD3 s+C36D74+Mo GAMMA LINES (Concluded)
[Accepted gamma energy data from Lawrence Berkeley National Laboratory (LBNL, Ref. 11).]

(a) PGL 2028a, 2029aa, and 2050 to 2053, measured after 4-h exposure (60-min scan time)

Experiment details Postexposure |Accepted data per LBNL Experimental data
Specimen Elapsed time _new Gamma line Tntensity Centroid | Net area Coux.1t Full ﬁdm half
from end of shot | radioisotopes energy, ’ energy, counts |uncertainty,| maximum
(detector number)| identified keV percent keV + (FWHM)
1683Er 47.55 40 47.37 3676 163 1.85
gy 111.62 20 111.65 1611 51 0.85
Mgy 116.66 2 116.72 243 36 1.08
MEr 124.02 9 124.08 667 106 0.97
45h ITEr 295.90 29 295.96 3489 78 1.11
PGL 2033 (Unit 1) iEr 30831 64 30836 | 7295 88 111
Mo 140.51 89 140.57 1547 128 1.01
Mo 181.06 6 181.24 161 32 0.74
PMo 739.50 12 739.34 212 30 1.33
Mo 771.92 4 777.99 89 16 0.72
(b) PGL 2150 TO 2153 measured after 6-h exposure; streamlined transport from LINAC to HPGe (15-min scan time)
163Ey 47.55 40 47.37 1355 105 1.35
171Er 111.62 20 111.56 537 31 0.93
171Ey 116.66 2 Peak not present
17y 124.02 9 124.04 314 49 0.92
17y 295.90 29 295.88 1478 42 1.13
7MEr 308.31 64 308.08 4443 105 1.973
01T 306.86 89 Too close to "'Er line at 308.31
101 545.12 6 544,92 71 12 1.13
PGL 2150 055k 01Mo 590.10 19 590.57 95 12 0.98
to 2153 Unit 1
1Mo 191.92 18 192.03 138 22 0.68
101Mo 1012.47 13 1012.04 47 9 2.15
101Mo 505.92 12 505.76 32 12 0.78
99mTe 140.51 89 140.51 216 94 0.89
%Mo 140.51 89 140.51 216 94 0.89
%Mo 181.06 6 181.09 13 54 0.79
PMo 739.50 12 739.4 69 12 1.34
PMo 777.92 4 777.6 20 12 1.42
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TABLE V—HfD;+C3sD74+Mo GAMMA LINES

[Accepted gamma energy data from Lawrence Berkeley National Laboratory (LBNL, Ref. 11).]
(a) PGL 2034, 2035, and 2068 to 2071, measured after 4-h exposure (60-min scan time)

Experiment details Closest Accepted data per LBNL Experimental data
Specimen | Elapsed time from | radioisotope | Accepted gamma | Intensity, Centroid Net area Count Full width
end of shot based on line energy, percent energy, counts uncertainty, half
(detector number) | published keV keV + maximum
data (FWHM)
180mpyf 215.26 81 215.43 375 28 1.09
180mpyf 332.28 94 332.37 440 37 1.09
180mpyf 443.09 82 443.22 282 38 0.91
g 133.02 43 Peak present, but not significantly above background
45h g 345.92 15 345.81 30 19 0.49
PGL 2034 (Unit 1) TTHF 482,18 80 482.17 140 23 132
“Mo 140.51 89 140.58 1383 112 0.87
“Mo 181.06 6 181.21 186 50 1
“Mo 739.50 12 739.8 96 19 0.97
“Mo 777.92 4 778.14 38 19 0.75
180mpyf 215.26 81 215.28 354 28 1.29
180mpyf 332.28 94 332.39 357 38 1.3
180m £ 443.09 82 443.4 235 22 1.12
180y 500.64 14 501.04 60 18 0.5
45h 18Igf 133.02 43 133.13 108 44 1.1
PGL 2035 (Ul"lit 3) 18Igf 345.92 15 346.11 36 20 0.62
18I 482.18 80 482.72 141 20 1.03
*“Mo 140.51 89 140.55 918 41 1.12
“Mo 181.06 6 181.02 95 27 0.86
“Mo 739.50 12 740.05 78 21 1.04
“Mo 777.92 4 778.48 47 18 1.55
180mpf 215.26 81 215.34 226 27 0.81
180mpyp 332.28 94 3324 331 25 1.29
180mpy 443.09 82 443.04 254 34 1.2
45h B 133.02 43 132.99 59 26 0.87
PGL 2068 (Ur.lit 1 1sgf 482.18 15 481.97 96 21 1.29
“Mo 140.51 89 140.54 998 39 0.86
“Mo 181.06 6 181.25 130 24 0.81
Mo 739.50 12 739.32 121 18 1.43
Mo 777.92 4 777.83 21 18 0.44
180mpyp 215.26 81 215.18 463 29 1.18
180mpy£ 332.28 94 33243 409 27 1.19
180mpy£ 443.09 82 443.32 301 25 1.45
1sgf 133.02 43 Peak present but not significantly above background
35h 18Igf 34592 15 345.86 25 19 0.32
PGL 2069 (Unit 3) THE 482.18 80 48221 104 31 13
Mo 140.51 89 140.49 1104 99 1.18
“Mo 181.06 6 180.93 285 50 1.11
“Mo 739.50 12 739.79 117 20 1.03
“Mo 777.92 4 778.45 37 18 0.62
180w 215.26 81 215.19 269 28 1.15
180mpf 332.28 94 332.42 300 26 1.29
180mpyf 443.09 82 443.41 210 34 0.98
B 133.02 43 Peak present but not significantly above background
PGL 2070 45h Bigf 345.92 15 Peak present but not significantly above background
(Unit 3) 1B 482.18 80 482.57 100 45 0.71
*Mo 140.51 89 140.52 908 81 1.21
“Mo 181.06 6 181.09 103 56 0.39
“Mo 739.50 12 739.83 121 19 0.83
“Mo 777.92 4 777.32 59 16 2.37
180mpyf 215.26 81 215.29 223 25 1.09
180mpyp 332.28 94 332.27 209 24 1.02
180mpyp 443.09 82 443.02 179 22 1.37
6h g 133.02 43 Peak present but not significantly above background
PGL 2071 (Unit 1) sigf 345.92 15 Peak present but not significantly above background
18I 482.18 80 482.2 70 20 1.24
“Mo 140.51 89 140.53 869 38 0.9
“Mo 739.50 12 739.11 129 17 1.18
“Mo 777.92 4 778.1 29 18 0.4
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TABLE V—HfD>+C3sD74++Mo GAMMA LINES (Concluded)
[Accepted gamma energy data from Lawrence Berkeley National Laboratory (LBNL, Ref. 11).]
(b) PGL 2142 to0 2145 gamma lines measured after 6-h exposure; streamlined transport from LINAC TO HPGe

(15-min scan time)

Experiment details Closest Accepted data per LBNL Experimental data
Specimen | Elapsed time from | radioisotope [ Accepted gamma | Intensity, | Centroid Net area Count Full width
end of shot based on line energy, percent energy, counts | uncertainty, |half maximum
(detector number) | Published data keV keV + (FWHM)

180mpy£ 215.26 81 215.3 359 29 1.1
180wy £ 332.28 94 332.49 417 27 091
180mpy £ 443.09 82 443.43 309 23 1.22
8gf 133.02 43 133.23 *71 42 0.9
18IHf 345.92 15 346.18 41 17 0.62
s 482.18 80 482.54 117 18 1.23
loiTe 306.86 89 307.02 4825 78 1.26
loite 545.12 6 545.58 184 22 1.12

PGL 214210 0'56.7 b WMo 590.10 19 591.35 257 20 1.21

2145 Unit 3
WMo 191.92 18 191.99 332 47 1.21
WMo 1012.47 13 1013.32 121 14 1.34
WMo 505.92 12 506.19 168 34 1.11
fa ¢ 140.51 89 140.62 554 53 1.19
*Mo 140.51 89 140.62 554 53 1.19
Mo 181.06 6 181.22 252 80 131
%Mo 739.50 12 739.92 123 21 1.34
“Mo 777.92 4 778.29 53 13 0.46

*Net area obtained by scaling 60-min scan results.
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Figure 4 shows example overall gamma spectra for samples PGL 2150 to 2153, all four vials counted for
15 min. The 308.3 keV gamma line corresponding to '7'Er showed the greatest activation at more than
2650 counts/keV (>30x background). Other characteristic lines are annotated for reference purposes.

Figure 5 shows example overall gamma spectra for PGL 2142 to 2145, counted for 15 min. The 306.9-keV line

corresponding to °'Tc had the highest number activation at 3612 counts/keV (>100 x background). Other
characteristic lines are annotated for reference purposes.

It can be seen from both sets of data the photon stimulation technique with deuterated materials created new
isotopes with 100 percent reproducibility. It is interesting to note, comparing Figures 4 and 5, that the %' T¢ line
observed with the HfD,/D-para/Mo sample was greater than twice the counts of the same line observed with the
ErD; g/D-para/Mo. The deuterated erbium and hafnium material systems resulted in comparable activation of the
gamma lines (140.5 keV) shared by Mo and #=T¢.
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Figure 4—Sample PGL 2150 to 2153: ErD2.s+CasD74+Mo gamma spectra after 6-h exposure; 15-min counting
interval. Green: sample results; red: cave background.
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Figure 5.—Sample PGL 2142 to 2145: HfD2+CaeD74+Mo gamma spectra after 6-h exposure; 15-min counting
interval. Green: sample results; red: cave background.
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Figure 6.—PGL 2078: HfH2+CasH74+Mo gamma spectra after 4-h exposure; 60-min counting interval.
Green: PGL 2078 results; red: cave background.

3.1.2 Control Tests

Tests performed with hydrogenated materials (instead of deuterated) ErH3+C3sH7s+Mo and HfH,+CisH74+Mo
showed that no new spectral lines were created from exposure. Figure 6 presents example gamma results for both
the exposed materials (PGL 2078) and the cave background, showing that only background lines are present. It is
noted that the bismuth lines ('*Bi) normally associated with the background and the uranium decay series is slightly
elevated in the specimen postexposure scans above background. This may possibly be due to the slightly elevated
bismuth content found in the molybdenum prescanned materials.

Tests were also performed with non-gas-loaded erbium and hafnium, which also showed no new spectral lines
were created, as expected.

3.1.3 Half-Life

Tables VI and VII present half-life results for two sets of samples: ErD; gCs¢D7s+Mo (PGL 2150 to 2153) and
HfDy+C36D7s+Mo (PGL 2142 to 2145), respectively. Each table shows the net area counts (determined by
GammaVision® 7) for each gamma peak and corresponding suspected radioisotopes. Repeat 15-min gamma scans
were performed for the shorter half-life radioisotopes. Repeat 60-min scans were done spaced over the course of
days and weeks for the multiday half-life radioisotopes. Scans were compared to other comparable-length scans
from which computed half-lives of each of the gamma lines noted were calculated using standard techniques.
Percent differences from the published values were calculated using the average experimental half-lives, as noted.
Generally the half-lives ranged from excellent to fair agreement. The half-life of **™Tc¢ was not determined for the
PGL 2150 to 2153 data sets because of an issue with scan intervals used. In addition, since there is an overlap of the
140.51 keV line is “double-counted,” and accurate half-lives cannot be calculated for these two radioisotopes. As
Table V shows, this is also reflected as an error in the Mo calculated half-life, which is compromised by the *™Tc decay.

The half-life determination s are also complicated by the radioisotope half-life and the irradiation time. If the
irradiation time is long compared to the half-life, then the parent and daughter will be in secular equilibrium, and the
irradiation time end can be chosen as the starting point for the half-life determination. Similarly, if the half-life is
long compared to the irradiation time, the irradiation time end again can be chosen. However, if the half-life is
comparable to the irradiation time, then the half-life is complicated by continual, and simultaneous, radioisotope
production and decay. Furthermore, this assumes a linear production rate of radioisotopes.

NASA/TM—2017-218963 17



TABLE VIL—HALF-LIFE DETERMINATION FOR RADIOISQTOPES FOUND WHEN EXPOSING ErDs s+CasD74+Mo
(PGL 2150 TO 2153) DETERMINED FROM GAMMA LINES MEASURED AFTER EXPOSURE?
[Accepted gamma energy data from Lawrence Berkeley National Laboratory (Ref. 11).]

Radioisotope/ Obsetved gamma lines® Experiment Experiment
published Highest Second Third Fourth average vs. published,
half-life intense line intense line intense line | intense line half-life % difference
306.83 keV | 545.05 keV
Scan 1 1768 77
Netareacout® | geany | 880 7 T P N
Calculated half-life, min 19 2 21
Scan 2 880 43
101
14T2(;2/ i ‘Net area counts Scan 3 469 3
- Calculated half-life, min 18.8 7 13
Scan 1 1768 77
Net area counts Scan 3 469 8
Calculated halE-life, min 19 1.1 15
16 min 5%
59093 keV | 191.94keV | 1012.53keV | 505.97 keV
Scan 1 79 141 49 46
Netorea counts | gegn 2 23 47 7 16
Calculated halElife, min 11 12 7 13 i
Scan 1 79 141 T 46
101
) ﬁ;”m Netareacounts | goon3 15 35 12 0
: Calculated half-life, min 213 309 18.7 NiC 24
Scan 2 2 47 7 16
Netareacounts | gogn 3 15 33 1 0
Calculated halE life, min 377 40.1 NiC NIC 34
23 min 5%
4755keV | 467 keV | 5382keV | 55.56keV
Scan 1 368 243 126 146
Netareacounts | g3 286 133 103 113
Calonlated halElife, min 100 40 125 o8 91
Scan 1 368 248 126 146
163
o [Netereacomts | gegn s 285 19 | % 137
Calculated half-life, min 52 57 53 210 93
Scan 2 285 196 98 137
Netareacounts | g3 286 133 103 113
Caloulated halE-lifs, min NIC 31 NIC 61 46
[ 77 min 2%
308.33 keV | 29594 keV | 5074 keV | 111,66 keV
Scan 2 2963 1472 232 515
Netareacounts | go.n3 2896 1363 215 529
Calculated halfelife, h 8.62 2.56 2.59 NIC 5
Scan 1 3099 1447 218 522
17
Lo Netoreacounts | goan3 | 2896 1363 215 529 o
: Caiculated hal-life, h 6.19 7.01 3036 NIC 14
Net | Soanl 3099 1447 218 522
netareacounms | goang 2963 1472 232 515
Calculated half.life, h 495 NIC NIC 16.46 11
10k 3%
T405keV | 7395keV | 181063 keV
Scan s 1423 205 176
2“9"1 . Netareacounts | g..ng 1112 67 102 B
: Calculated half-life, b 271.19 59.8 122.59 912
- 91h 38%
T Tol
soln 1405 keV NA

Note: Scan intervals performed did not allow half-life assessment of the **Tc isotope.

*Test date: 30-Oct.-2015; end time = 12:15; specimen mass = 56.0010 g; scanned mass = 56.0040 g for scans 1 to 4; scanned mass = 54.6615 g
for scans 5 to 10. Specimens weighed with the Mettler ‘Toledo scale; Model: MS105DU and accurate to five decimals places. Scale was set to
display mass up to four decimal places.
YN/C indicates values were not calculated,
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TABLE VII—HALF-LIFE DETERMINATION FOR RADIOISOTOPES FOUND WHEN EXPOSING HfDz+CisDrat+Mo
(PGL 2142 TO 2145) DETERMINED FROM GAMMA LINES MEASURED AFTER EXPOSURE
[Accepted gamma energy data from Lawrence Berkeley National Laboratory (Ref. 11).].

Radioisotope Observed gamma lines Experiment Expetiment
published Highest intense | Second intenge | Third intense |Fourth intense| average vs, published,
half:life ]J_ne ]J'_ne ].i_ne hie half-life % difference
306.83 keV | 545.05 keV
Scan 1 4848 183
Netarcacounts| o o2 1194 85
Calculated halflife, min 19 15 27
ey Net aea connts| 6™ 2 1194 85
. Scan 3 364 0
14.22 min 5 - ——
Calculated half-life, min 17 N/C 17
Scan 1 4848 183
Net area coutts | g on3 364 0
Calculated half-life, min 18.2 N/C 18
21 min 45%
590.93 keV | 19194 keV | 1012.53 keV | 505.97 keV
Net 15| Somnl 228 32 121 168
Area conn Scan 2 41 71 6 20 _
Calculated half-life, min 16 18 9 13 14
Scan 1 228 132 121 168
101
e [Neteeacounl)  gegny | 17 | 22 6 44
SLMR  [ealculated halflife, min 182 7.4 157 35 22
Scan 2 11 71 3 20
et area counts | goan 3 17 22 6 44
Calculated half-life, min 23 17 NIC N/C 20
19 min 28%
332.27keV | 443.14keV | 215.25keV
Scan 1 427 338 339
Netarsacounts|  gean3 | 331 294 263
Calculated half-life, b 3.09 5.65 1.1 4
. Scan 2 402 332 276
5m:11-11ﬂ Net area counts Scan 3 331 294 263
- Caloulated half-life, b i73 276 6.96 4
Net arca conmts]| 5601 27 338 139
Scan 2 402 332 276
Calculated half-life, h 7.49 2592 22 12
6h 21%
482.00 keV | 132.94keV | 345.83 keV
Scan4 506 252 116
Netareacounts| ¢ .11 135 156 80
Calculated half-life, days 5331 45.84 59.17 53
Scan 74 506 252 116
181
42};*; i Netarsacounls| g g | 30 125 )
7 02Y% I Calculated half-life, days 64.43 23.46 34.49 41
Net area counts| 520 74 506 252 116
Scan #9 324 97 80
Calculated haif-life, days 4644 3166 55.72 41
45 days 6%
140.50 keV | 739.50 keV
Mo/
65.94h Net area counts Scan 4 2869 21
: Scan 6 1331 100
Calculated half-life, b 63.66 61.66 63
3L 5%
»=To/ Scan 2 140-'?1061{3\’
6.01h Net area counts Scan 3 654
Calculated half-life, b 6 6
[ 6h —02%

*Test date; 28-Oct.-2015; end time: 12:23, specimen mass = 56.0082 g; Scanned mass = 56.0082 g for scans 1 to 3; scanned mags = 54.72816 g
for scans 4 to 14, Specimens weighed with the Mettler Toledo scale; Model; MS105DU and accurate to five decimals places. Scale was set to
display mass up to four decimal places.
EN/C indicates values were not calculated.
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3.2 Beta Measurements

Both gas proportional alpha/beta and liquid scintillation instruments were used to quantify activity of material
before and after gamma exposure.

3.2.1 Gas Proportional Alpha/Beta Counting

All as-received materials were alpha/beta counted before exposure, and none were found to have any activity
above background. Within approximately 45 min after beam exposure, a portion (nom. 0.5 g) of the sample was split
off for alpha/beta counting using the Tennelec gas proportional counter (protocol: 10 min alpha, then 10 min beta).
None of the specimens exhibited alpha activity above background. However, positive beta activity was measured for
all of the deuterated samples. Table VIII shows the beta activity of specimens measured in this study. The deuterated
samples all exhibited net counts of beta activity multiple times background (ranging from 5x to 190x background).
The hydrogenated samples showed no activity above background. The bare non-gas-loaded Er+Mo material showed
no activity; the Hf+Mo material showed net counts barely above background. It is noted that the postexposure
deuterated erbium samples had greater beta activity than the deuterated hafnium materials, both on an absolute and
per gram basis.

3.2.2 Beta Scintillation Counting

Beta scintillation counting was performed to ascertain the beta energy spectrum. Unfortunately the specimens
loaded with D-paraffin showed relatively high LUMEX numbers. The high LUMEX prevented obtaining conclusive
results, so their results are not reported.

3.3  Neutron Activity

Evidence of neutron activity was tracked via three methods: bubble detectors, neutron activation materials, and
solid-state nuclear track detectors.

TABLE VIII.—GAS PROPORTIONAL BETA COUNT RESULTS
AFTER EXPOSURE FOR EACH OF THE SPECIMENS TESTED

Specimen Counted Beta activity
specimen Background Net counts, Net counts
mass, counts, cpm per gram,
g cpm cpm/g
ErD+Cs¢D7+Mo
PGL 2028a 9.33418 2 53 6
PGL 2029aa 9.00862 2 71 8
PGL 2050 14.0000 1 97 7
PGL 2051 14.0000 1 94 7
PGL 2052 8.95773 1 191 21
PGL 2053 8.18824 1 124 15
HfD;+CssD7tMo
PGL 2034 9.32799 3 17 2
PGL 2035 9.65982 3 19 2
PGL 2068 9.06773 3 15 2
PGL 2069 9.20213 3 19 2
PGL 2070 10.39806 3 15 1
PGL 2071 10.6346 3 15 1
EI'H3+C36H74+MO
PGL 2064 9.08073 2 1 0
PGL 2065 9.9614 2 0 0
HfH,+CseHtMo
PGL 2077 8.88926 2 1 0
PGL 2078 8.73642 2 1 0
Er+Mo
PGL 2061 [ 415695 | 1 [ 1 [ 0
Hf+Mo
PGL 2060 [ 114268 | 1 | 4 | 0
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3.3.1 Bubble Detectors

Bubble Detectors, manufactured by Bubble Detector Technology Industries in Chalk River, Ontario, Canada,
are reusable personal neutron dosimeter that are insensitive to charged particles and gamma rays. These detectors
have been used for decades terrestrially in aerospace and in space. When a neutron interacts with the detector
material it produces a superheated nucleation site resulting in a visually countable bubble. However, bubble
detectors have a neutron detection efficiency of 107+,

Table IX provides the bubble counts for the detector placed on either the top of or lateral to the LINAC head,
out of the direct exposure of the LINAC beam. There were a significant number of bubbles in the cases where
deuterated specimens were exposed to the beam. For tests without deuterium loading, there were no bubbles
recorded above background levels (i.e., only 1 to 2 over a 4-h interval). Note once the bubble count reached
nominally 100 each, counting required a microscope with a special stage to manipulate the detector, which was only
available for the later tests starting on August 6, 2015,

3.3.2 Neutron Activation Materials

When deuterium was included in the test run, the Gd and Cd neutron activation witness materials activated in
all cases. Postexposure gamma lines were observed for '¥Gd , as a result of the reaction: ¥Gd (n,y) °Gd.
Postexposure gamma lines were observed for 11°Cd, as a result of the reaction: *Cd (n,y) !1*Cd. Since Gd and Cd
have huge cross sections for thermal neutrons, this would indicate that thermal neutrons must have been created
during exposure. Anderson reports in Ref. 20 that !''™Cd is produced with 1190-keV gamma stimulation, so this line
was not attributed to neutron activity when observed in the posttest analysis.

TABLE IX.—BUBBLE DETECTOR COUNTS FOR PGL SAMPLES NOTED

Test specimen| Test date Exposure Bubble Detector Bubble Detector Counts
D duration, serial number, location sensitivity,
hr bub/mRem
E1D,+C3¢D7+Mo
PGL 2028a 28-Jul-15 4 14162329, top of LINAC 12.0 >100
PGL 2029aa 4 14120319, top of LINAC 9.7 ~50
PGL 2050 3-Aug-15 4 14162329, top of LINAC 12.0 >100
PGL 2051 4 14122516, top of LINAC 9.9 >100
PGL 2052
PGL 2053
PGL 2150 30-Oct-15 6 15114323, wave guide 23 55
PGL 2151 6 15114326, top of LINAC 22 61
PGL 2152
PGL 2153
H{D,+C36D7tMo
PGL 2034 29-Jul-15 4 14162537, top of LINAC 12.0 >100
PGL 2035 4 14162516, top of LINAC 9.9 >100
PGL 2068 4 14162527, top of LINAC 11.0 S 448
(via microscope)
PGL 2069 6-Aug-15 4 14162537, top of LINAC 12.0 45
PGL 2070 4 14162329, side 12 67
PGL 2071 4 13144401, cooling hole ?
PGL 2142 28-Oct-15 6 15113338, top of LINAC 22 131
PGL 2143 6 15113420, top of LINAC 23 186
PGL 2144 6
PGL 2145 6
PGL 2228 15-Dec-15 6 15114119, wave guide 21 204
PGL 2229 6 15114127, top of LINAC 22 183
PGL 2230 6 15113335, inside top cave 22 89
PGL 2231 6 15113353, side 23 19
Er-H; + H-para + Mo
PGL 2064 5-Aug-15 4 14162555, top of LINAC 12.0 1
PGL 2065 4 14161225, top of LINAC 12.0
EI‘H3+C36H74+MO
PGL 2077 7-Aug-15 4 14163552, top of LINAC 10.0 0
PGL 2078 4 14162516, top of LINAC 9.9 0
ErtMo
PGL2061 | 4-Aug-15 | 4 [14163552, top of LINAC | 10.0 | 1
Hf+tMo
PGL 2060 | 4-Aug-15 | 4 [14162555, top of LINAC | 12.0 | 0

NASA/TM—2017-218963 21



Indium was also used as a neutron witness material. Two radioisotopes of indium were observed: !'™In, from
gamma rays and fast neutrons, and ''*"In, from slow neutrons. !"*™In will activate via either a gamma-induced
reaction, **In (y, y*)!'*®In, or an inelastic neutron interaction, '*In(n, n')!'>In, Collins et al. (Ref. 21) reports that
15wy s produced with 1078-keV gamma stimulation. '%%In activation is caused by inelastic neutron capture:
1SIn(n, y)!1"[n, having a capture cross section resonance at 1.457 eV (epithermal). The 16In 14-s half-life is
unobservable after the LINAC irradiation, whereas '1%@In has a 54-min half-life, making it accessible after
irradiation. Because the LINAC produces gamma rays up to 1.95 MeV, the gamma stimulation level of !'*"In was
achieved, and the gamma scans indicating the presence of >™In are not reliable enough to be conclusive for fast
neutrons at this point. Designing a better tungsten/lead cave, on top of the LINAC but close to the sample, to shield
out all gamma rays is being accomplished, and subsequent experimental work should include more reliable data
involving indium as a neutron witness material.

3.3.3 Solid-State Nuclear Track Detectors

Solid-state nuclear track detectors (SSNTDs, the CR—39 detectors) have been used for decades. CR—39 was
developed in the 1970s (Ref. 22) and was subsequently used for space (Ref. 23) and inertial fusion particle
spectroscopy (Ref. 24). CR—39 can also be used to detect neutrons by various neutron inelastic and elastic
interactions with the hydrogen, carbon, and oxygen constituents of CR—39 resulting in recoils, or fast-neutron
energy-dependent spallation and fragmentation of the carbon and oxygen atoms in the CR—39. These leave tracks
that can be etched to microscopically observable dimensions. However, the fast-neutron detection efficiency ranges
from 10~ to 10~ tracks/neutron (Ref. 25). CR-39 has a fast-neutron detection threshold of about 100 to 200 keV,
below which energy no etched track is observable.

CR-39 detectors were analyzed for several tests where deuterated materials were exposed (PGL 2034 and 2035,
HfD;+Cs¢D74+Mo) and for the corresponding hydrogenated baseline specimen (PGL 2060, Hf without D loading +
Mo). There were no tracks above background for the exposure case of PGL 2060, which had no deuterium loading.
For the exposure case with PGL 2034 and 2035 (with D loading), CR-39 detectors were used to measure and
compare the track count on the CR—39 near the exposed samples (CR—39: SN 569532 and 569533) and to compare
them to background detectors (CR—39: SN 5693470 and 5693471) placed in a control room a distance from the
LINAC site. For reference, the CR—39 detectors were placed with the numbered side facing away from the LINAC
and the obverse side facing towards it. Tracks were counted and lengths measured for the LINAC-mounted detector
front (numbered) and back (obverse) sides, and the results are plotted in Figure 7. Two CR—-39 detectors on the
LINAC showed counts in excess of 2 to 3 times the background, with SN 569532 having 175 tracks against a
background of 54 tracks. The 1-mm-thick CR-39 acts as a neutron radiator, increasing two-fold the neutron
detection efficiency.

25—
1.4 MeV 2.5 MeV Frequency
——Front (numbered side)
20 ——Obverse
» —s— Combined
315
C
o
5
310
O
5
0 | | | | | |

15 20 25 30 35 40
Major axis dimension, um
Figure 7.—Track major axes of CR—39 (SN 569532), including front (numbered)
and back (obverse) side, and total counts plotted with reference to approximate
neutron energy calibration data from International Atomic Energy Agency
(IAEA) normalized data (Ref. 26). Data binned in 1-um increments.
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Neutron energy calibration was done by irradiating the same type of Fukuvi CR-39 with an unmoderated 252Cf
neutron source, etching it, and scanning it with a Track Analysis Systems Ltd. (TASL) scanner that provides major
and minor axis measurements. The track major axis count frequency was normalized to a standard IAEA 252Cf
neutron spontaneous fission source (Ref. 26) (1 to >9 MeV). The energies noted in the plot are estimated, £500 keV,
from the 22Cf IAEA normalization.

Based on the above comparison, it appears that the track lengths in the LINAC-based CR—39 are consistent with
neutron energies in the range between 1.4 and 2.5 MeV neutron energies. Note the CR—39 “front” side energy plot
peaks just under 24+0.5 MeV.

At the operating gamma end-point energy of 1.95 MeV there should be no photodissociated deuterium and
hence no photoneutrons. Even at the highest endpoint at which this LINAC is rated, 2.4 MeV, these high-energy
neutrons would be precluded. For instance, if the machine were operating out of standard control (which it was not),
the peak energy the machine could produce is 2.4 MeV. Using the value of 2.226 MeV for deuterium
photodissociation coupled with the observation that half the kinetic energy after photodissociation would go to the
proton and half to the neutron, the maximum achievable neutron energy would be 0.087 MeV. This is clearly below
the ranges of neutron energies found and below the CR—39 fast neutron detection threshold of 144 keV (Ref. 25).
Additionally, the minimum neutron energy the Bubble Detector would indicate is in the 100 to 200 keV range.

On a later set of tests performed with a 1.95-MeV exposure of samples PGL 2189 to PGL 2192 consisting of
HfD,, C36D74, and Mo, a set of CR-39 detectors was placed on the LINAC head (CR-39; SN 5694012 and
5694013). To avoid photon damage, the CR—39 detector was placed approximately 18 cm away from the braking
target. Furthermore there was about 5 cm of lead between the beam braking target, specimens, and the CR—39
detector. The background CR-39 detector was placed in an external control room approximately 30 m from the
LINAC and separated from the reaction by ~0.1 m of concrete and about 1 to 2 m of dirt overburden covering the
bunker. Consequently, only background neutrons should reach the CR—39 detector.

Upon examination of the LINAC CR-39 detector (SN 5694013), a triple track was found. A triple track is
indicative of a neutron with an energy >10 MeV causing a '2Ce(n,n")3a reaction, resulting in the disintegration of a
carbon atom in the CR—39 (Ref. 27). This is additional evidence that high-energy neutrons were present. Although
the neutron will not leave a track, up to three alpha particles arising from a common point will leave ionization
trails. It is noted that the relative efficiency of causing a triple track is in the range of 10~ to 1075, The two
photomicrographs provided in Figure 8 show the triple track taken at two different depths of focus. The image in
Figure 8(a) is on the CR—39 surface, and the image in Figure 8(b) is focused deeper within. The length of each of the
alpha tracks along with the '2C¢ binding energy gives the energy of the incident neutron.

Figure 9 shows an example of a photomicrograph of a triple track produced by a deuterium-tritium (D-T) fusion
generator. In several years of CR—39 use, and in the several hundred detectors examined, the authors have never
seen a triple track in the background, reinforcing that the triple track was induced by the experiment. It is noted that
the beam energies used herein are insufficient to cause neutrons from deuterium photodissociation or photoneutron
production from Hf or Mo.

um
(a) (b)
| 25 ym | | 25 ym | —
Figure 8.—Photomicrographs of triple track found in LINAC solid-state Figure 9.—.Photomicrograp.h .
nuclear track detector CR—39 at two focal depths. (a) At surface of of typical triple track found in solid-
etched CR-39 detector. (b) Deeper within triple track. state nuclear track detector CR-39

when exposed to deuterium-tritium
(D-T) fusion generator.
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4.0 Discussion

Considering the neutron activity data collected and the conditions of the experiment, several mechanisms are
discussed.

4.1 Neutron Energies

Based on the tests performed and subsequent analysis of the data, it is clear that a range of neutron energies
were created, only when irradiating samples containing deuterium. The 1°Cd and %*Gd neutron activation materials
indicate that thermal neutrons were present. When irradiating samples that were hydrogenated or were unloaded,
no neutrons were measured by the cadmium material. The Bubble Detectors indicated neutrons with energies
>100 keV were present. The CR—39 detectors indicated that appreciable neutrons in the 1.4 to 2.5 MeV range were
present. The detector’s minimum threshold for detection is 144 keV. On several detectors triple tracks were found,
indicating neutron energies 10 MeV or greater.

4.2 Mechanisms Considered

There are several plausible mechanisms for the observed neutron activations:

(1) Deuteron photodissociation: Photodissociation was carefully considered, as this is an obvious source of
neutrons. However, the beam end-point energy was shown to be below 2226 keV (deuterium photodissociation
threshold) by the water tank ionization chamber method. Based on this method, the beam was operated below the
photodissociation threshold, and therefore is excluded from being the source of neutrons.

(2) Electron capture: Parent metal capture of electrons was also considered. Certain radioisotopes can be formed
via electron capture. However, if electron capture would have occurred, then these spectral lines would have been
obvious when exposing either the hydrogen-loaded materials or the bare, non-gas-loaded metals. No such activation
was observed. Activation only occurred with those reactants containing deuterium.

(3) Gamma-n processes: Photoneutron reactions were also considered. Classic photoneutrons are not the cause
of the activation of the Hf, Er, or Mo in the deuterated cases. First, the gamma energy is several MeV too low to
cause photoneutrons in these materials. Second, if photoneutrons were at work they would have occurred in both the
hydrogenated and non-gas-loaded materials, but these reactants did not show activation.

(4) Gamma-metastable processes: As mentioned, *®*"Hf was created in the deuterated cases where hafnium was
included. It was postulated that ®*"Hf may have been created by the gamma energy exciting ®Hf to the metastable
condition. However this is not the mechanism, as again it would have occurred for either the H-loaded or non-gas-
loaded hafnium specimens exposed to the beam under the exact same conditions, but these metastable radioisotopes
did not appear in those instances.

(5) Mossbauer effect: Upon gamma ray excitation of nuclei that are embedded in the lattice, and if the recoil
energy is not sufficient to generate a phonon, there is the finite probability that the entire crystal recoils, rather than
an individual nucleus, resulting in essentially a recoilless emission of gamma-photon. This process is called the
Mossbauer effect. However, it is well known that the Mossbauer effect results in milli-electron-volt energy levels,
which are irrelevant in comparison to the energies being considered in this study.

(6) Three-body interactions: Theoretically, one can postulate an event in which fluorescent photons arrive at a
target nucleus also being exposed with a photon having energy very close to photodissociation, together exceeding
the photodissociation energy. Aside from the typical exceedingly low probability of a three-body interaction, the
highest fluorescent photons from the present experiments are in the 50 to 60 keV range.

(7) Contribution from external sources: Activation was only found when D-fuel was included in the specimens.
This would argue strongly against specimen contamination from external sources. Regarding potential
contamination, the gamma energy spectral lines were specific for the radioisotopes identified in the paper and were
not those for lead, thorium, or radon radioisotopes, and were further confirmed with half-life determination.

The Standard Model of particle physics, incorporating the electromagnetic, weak, and strong forces may
provide for other possible mechanisms that account for the reactions observed herein. However, discussion of those
is beyond the scope of the current experimental work.
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4.3 Future Work

Because of the limitations in the ability of measuring beam end-point energy with the available equipment, the
authors strongly recommend that these tests be repeated using equipment where the beam end-point energy is
specified to a high degree of confidence (i.e., 5 sigma or greater) and is below the deuterium photodissociation
threshold. Testing in a facility with the appropriate means of end-point energy verification is currently being sought.

5.0 Summary of Results

Exposure of highly deuterated materials to a low-energy (nom. 2-MeV) photon beam resulted in nuclear activity
of both the parent metals of hafthium and erbium and a witness material (molybdenum) mixed with the reactants:

1. Gamma spectrum; Gamma spectral analysis of all of the deuterated materials ErD,+C;¢D74+Mo and the
HiD,+C3sD74+Mo materials showed that nuclear processes had occurred during exposure as shown by unique
gamma signatures. For the deuterated erbium specimens, posttest gamma spectra showed evidence of
radioisotopes of erbium (‘5*Er and '"'Er) and molybdenum (**Mo and °"Mo) and by beta decay, technetium
(*®=T¢ and '°'T¢). For the deuterated hafnium specimens, posttest gamma spectra showed evidence of
radioisotopes of hafhium (!¥™Hf and '¥'Hf) and of molybdenum (*®®Mo and !*’Mo) and by beta decay,
technetium (**™T¢ and '*'Tc). In contrast, when either the hydrogenated or non-gas-loaded erbium or hafnium
materials were exposed to the gamma flux, the gamma spectra revealed no new radioisotopes. The gamma
spectra peaks showed only background decay lines. Further study is required to determine the mechanism by
which the neutron activity is happening.

2. Alpha/beta results: The alpha/beta counting performed showed that there was no activity above background
prior to exposure. However, the deuterated samples all exhibited net counts of beta activity multiple times
background (5x to 190x background) after exposure. The hydrogenated samples showed no activity above
background after exposure.

3. Neutron energy: When deuterated materials were exposed, neutron activity was observed. The cadmium and
gadolinium witness materials (placed in vials adjacent to the primary vials) showed evidence of thermal energy
neutrons. The Bubble Detector dosimeters showed clear evidence that when deuterated specimens were exposed
to the beam, a significant flux of neutrons were created in the >100- to 200-keV energy range. The CR—39
polycarbonate detectors placed above the LINAC head showed clear evidence of fast neutrons (1.4 to 2.5 MeV)
during fueled shots. Also, in some fueled experiments the CR—39 detectors recorded triple tracks, indicating
neutrons with energies 210 MeV.
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