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DEVELOPMENT OF KRYPTON-85 SOURCES FOR
THE BUREAU OF WMINES COAL DUST COMBUSTION ARALYZER

N, C. .r“l.e’. Fo. M. C“‘. ¥. H. C-tllllll, K. W. Haff

Dust explosions in coal mines are a severe hazard vhen the amownt of coal

dust mixed with rock dwst reaches crit_ cal levels. The U, S. Bureau of Mines
has developed a portable instrument for mrasuring the abundance of coal dust in
mine dust samples.! With this instrwmen --al dest sbundsnce is estimsted by
measuring the scattering of X-ray beams directed at the sample. For energy
levels of less than 100 keV, high angle scattering is grester by cosl dust

than by rock dust since photoelectric sbsorption exceeds scattering and the
electron density of rock dust is higher than that of coai dust.

The ptemt instrument uses two 15 aCi 2%lsm sources vhich nominally produce

5 x 106 60-keV photons/sec in a beam collimsted vithin an 8’ n.le. Because

of the potential contamination probles from alphs emitting 2"!Am should the
source capsules be broken, an aitermative m~ray source would be desirable.
Krypton—85 would be a logical candidate for this application because it would
be dispersed rapidly in the event of source rupture and its 10.7-year half-life
would provide a useful service life.

The photon emission from 95Kkr is too energetic (514 keV) and of relatively
low yield (0.412); however, the 0.67 MeV S-particles emitted with 100T yield
can be used to excite secondary =~rays in suitchle target materials.
Furthermore, since different target materials can be chosen, the primary
energy of the emitted m-rays can be selected from the range of 20 to 60 keV,

This report describes the production snd testing of several prototype 95kr
excitcd x-ray sources febricated from two basic designs. One desiga used

85xkr impregnated foils, sandwiched between foils of the tsrget element
whose x-rays are excited. Various mmbers and thicknesses of target foils
were investigated. The other design used enriched gaseous O5xr encapsulated
in a container made of or lined with the targst element. Several sources of
differsnt output wvere fabricated and tested.

FOIL SANDWICH SOURCE DEVELOPMENT

Krypton=85 impregnated foils are produced by impingement of 35Kr ions on an
aluminum foil, Although foils containing up to 1.0 aCi/cs? of 35Kr have

been made, limitacions on production of foils impregnated with higher con~
centrations of 23Kr are encountered when the ion besms are of non-unifors
intensity and locally high ion intensity causes mslting of the foils, Once
produced, however, the foils are quite oublc, and although some radioactivity
may be removed from the foils by abrasiom, 85xr does nct spprecisbly diffuse
out of the foils st room temperature and atmospheric pressure.
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Sandwich type x-ray sources vere fabricated at first by placing krypton
impregnated foil into an aluminum holder (Figure 1) and covering the helder
vich a metal target. Bets particles are sbsorbed by the target and

the resulting x~rays exit through the vindov. The photon spectrum for each
fabricated source vas messursd using Ge(Li), Si(Li), or NMal(Tl) detectors in
conjunction vith a Nuclear Data Model 4410 multichannel analyzer system. The
quantity of ®5Kr contained in the source was determined by counting the owtput
of 514 keV gasme rays on detectors dut had been calibrated using the 511 keV
annihilation radiation from am IAEA 224 stendard. The source outputs of
x-rays were messured on detectors calibrated with an IAEA 2%)ag stendard which
has photopeaks at 13.9, 17.8, 20.8, 26.3 and 59.5 keV.

Single Layer Foil Sources

Three sources vere fabricated using single layers of target element foil to
cover 85Ky impregnated sluminum foil. Target elements used in these sources
vere molybdenum, cadnium, and tungsten. In the cases of wolybdemm and

caduium, 0,006-in.~thick 85kr foils were placed in an alwminum tube aad the

tube was covered by the target element foil. In the case of tungsten the
aluminue tubv was replaced by a holder fabricated from Hevimet, a tungsten—copper
alloy (Figure 1). In each case the 360° yields of characteristic K x-rays

(svmed Ka and ‘6 x-rays) and of photons with energies in the x-ray range were

determined. In addition the effective flux of x-rays in s beam collimated to
an 8° angle was also determined. Results (Tal le 1) are expressed as absolute
yields, as ratios of K x-ray yields to total photon yields and as the efficiency
of K x-ray production with respect to beta activity im the source foil,

Table 1. Output Characteristics of Single Layer Foil Sources

K X-ray
Target X-ray Production
Element Energies Ratio of Efficiency
and (keV) 85kr 1n  X~ray Yield K X-rays Based on B
Thickness Ka KB capsule (ghotm‘uc) to 8~80 keV decay rate
{inches) (xC1) 360 8° Bemn photons (%)
Molybdenua 17 20 21,7 7.5 x106 1,7x105 0.28 0.94
0.006
Cadmivm 23 26 67  8,75x106 1,9x106 0,33 0.35
0.005
Tungsten 59 68 23 2,62x106 5,8x10" 0,048 0.31
0,002

The single layer source wtguu are approximately 20 to 80 times too low to
replace the presently used Iom soutces. In order to increase output.
without making the source larger, multiple layers of target and 85xr foils
are necessary,
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Tontalum Myltilayer Sources

A series of sources each containing 38 aCi of %5Kkr in aluminue foiis 1/8~in.
wide by l.5~in. long and 0.002-in.~thick, was constructed. These foils were
sandwiched between 1/2-in. by 2-ic. pieces of 0.00l-in.-thick tamtalum foil.
The number of tantalum foil layers was varied to vary the target thickness.
Energy spectra for this source series were analyzed using a 3=in. by 3~in.
Nal(Tl) detector, Energies of the X and K, x~rays of tantalus are 57 and
66 keV respectively, @ 8

As for the single layer sources, K x-ray photon yield for 360° emission, the
Kk x-ray production efficiency relative to the total 8~decay rate and the
ratio of K x-ray yield to the total photon yield in the 35 to 80 keV

energy range were determined (Table 2).

Table 2, Tantalum Multilayer Source Output Characteristics

Ratio of K X-ray
Tantalum K X-ray K X-rays Production
foil thickness 360° yield to 3580 keV efficiency
(in,) (photons/sec) photons (2)
0.001 2,0 x 10" 0.33 1.4
0.002 2.8 x 10" 0.47 2,0
0.003 3.0 x 19% 0.58 2,1
0.004 2,9 x 10% 0.65 2,0

¥~ray production efficiency does not vary significantly for target layerx
thicknesses of 0.002 to 0.004 in. but production from 0,001-in. fcils is
lower indicating that some beta—particles penetrate the 0.001-in, foils

and are lost, The K x~ray-to-total-photon ratio increas:s monotonicslly

as the number of foil layers is incressed frca 1 to 4, This effect is the
result of attenuation of lower energy photons due to their absorption in the
tantalum and, although it appears to continue as the number of target foils
is increased, eventually the absorbtion of K x-rays would diminish production

efficiency.

A second series of multilayered tantalum sources vas constructed in

different layered configurations but again with the same quantity of 8°kr

in each source, Six aluminus foils, 0.25~in. wide by 1.5~-in. long by 0.002~in,
thick, containing a total of 4.6 wCi of 95Kr were used in each source. The
tantalum foils were 0.5-in., by 2.0~-in. long by 0.001-in. thick. A conveption
was developed for source designations to indicate the total layer thickness

in thoussnths of an inch of the foil layers. The outer layers are alwsys

Ta so that 4 6 2 6 4 means 4 layers Ts (0.004 in.), 3 layers Kr/Al (0.006 in.),
2 layers Ta (0.002 in.), 3 layers Kr/Al (0.006 in), and 4 layers Ta (0.004 in.).

As usual the K x-ray output for 360° emission, the K x-ray production efficiency
and the ratio of K x-ray yield to the total photon yield for the 30 to 90 keV
energy range were detersined (Table 3).



Table 3. Tantalum Multilayer Source Output

K X-ray production

K x-ray Ratio of K X-rays efficiency based on
Source 390° yield to 30-90 keV 8 dacay rate
configuration (photons/sec, photons (2)
4414144 1.1 x 108 0.59 0.63
5414145 9.9 x 109 0.62 0.58
56264 9.9 x 103 0.58 0.58
46464 9.2 x 105 0.59 0.54
56465 8.5 x 103 0.63 0.50
56265 9.4 x 103 0.62 0.55
5125 8.1 x 10° 0.58 0.48

Except for the 5 12 5 configuration, sources using 0.005-in. of Ta on the
outside consistently yielded a higher K x-ray to total photon output as would
have been expected from the previous study. Production efificiencies of che
multilayer sources were all substantially lower than those of the single
layer sources tested previously, however, indicating that the optimm total
sandwich thickness had been exceeded. Thus a compromise must be made between
production efficiency and spectral purity of the x-rays.

The last foil sandwich source tested was a multilayer source of a 5 8 28 5
configuration. This source was built so that the collimated output could be
directly mecsured. It contained 3.45 mCi of 85Kr on eight aluminum foils,
0.187=in. by 1.375-in. by 0.002-in. thick. The tantalum foils were 0.375~in.
by 2.00-in. by 0,001-in, thick. Measured total K x-_ay output was 6.7 x 10°
photons/sec and production efficiency was 0.522. A 2-in. cube of lead was
drilled to hold the source and slotted so as tc¢ produce a beam collimated

to 13° angle. The measured K x-ray yield in th: collimated beam was only
1.3 x 10* photons/sec and was near the maximum attainable yield for the
multilayer source design using available foils. At least 600 mCi of 85kr
would be required in order to produce the required low energy x-ray beam

of 5 « 106 photons/sec. Since the kryptonated aluminum foils presently
available contain a maximum of 1 mCi/cm? of 85kr and an average of 0.26
nCi/cm?, it appears that the desired x-ray output cannot be produced from

a source of reasonable physical dimensions made with presently available
85Kr-impregnated foils.

GASEOUS KRYPTON-85 SOURCE DESIGN

Iwo types of gaseous krypton sources were designed to produce the desired low
energy x-ray beam with an output of 5 x 10% photons/sec. Source capsules of
1/4=in. inside diameter and 1 1/2-in. internal length were used. An

all tantalum capsule and an aluminum capsule with a tantalum inner liner were
designed and fabricated for evaluation (Figures 2 and 3). The tantalum capsule
wall thickness was 0,009-in, This capsule should withstand an internal pressure
of 775 psig based on a 45,000 psi ultimate strength. The aluminum capsule wall
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thickness wvas 0.0085~in. and should withstand an internal pressure of 390

psig based cn a yield strength of 6000 pei. The calculated thickness of
tantalus liner for optimum x-ray pruduction was 0.,005~in. The internal volume
of each capsule is sbout 1 cm?. Based upon the requirement of 600 mCi of
95kr, the irternal gas pressure using 102 enriched 95Kr would b. 50 psig.

Krypton-85 Gas Source Fabrication

The tatalum and sluminum capsules (Figures 2 and 3) vere welded in an inert
atmosphere glove box using inert gas tungsten arc gas (GTA) welder. After
the capsules wvere submerged in alcohol and pressure—lesk checked they were

loaded with 5Kr as follows:

1. The specified volume of 10T %5Kr was frozem into an evacusted
flask of known volume,

2. The flask was varaed and the pressure checked.

3. The source capsule wvas connected to a mmifold vhich contained a
vacuum supply, a helium gas supply, and the premeasured krypton charge.

4. The source capsule vas evacuated owernight.
5. The source capsule w23 cooled with 1iquid nitrogen in a chill block.

6. The vacuum was closed off,

7. The krypton was released from the flask and frozen out in the source,

8. Helium gas vas allowed to fill the source up to approximately
atmospheric pressure,

9. The 1/8-in. diameter fill tube was pinched off.
10. A GTA weld fused the fill cube to seal the capsule,

11. The source was placed into a sealed container for several hours
after which the container air vas sampled and counted for evidence of a
possible leak.

Two tantalum encapsulated sources and one aluminum encapsulated source were
completed, Outputs of the sources were then measured as for the previously
tested sources (Table 4), In all cases an 2“1am IAEA calibrated source was
counted esch time a source or group of sources were anslyzed. A 22Na IAEA
calibrated source was used to calibrate the Ge(Li) detector used to measure

the 35Kr 514 keV y-rays.



S e e T wem msm o reoemmmEmesm sy T T ot T e T OTTEm mmer TR T ety TS T YT T W T ST M T e e S ST T S Ty

Table 4. Output Characteristics of Gaseous Krypton—-85 Source

Calculated K X-ray Yields Ratic of
capsule (photons/sec) K X-rays based on
85gr  pressure 360° 8° beam B decay rate
Source (ci) (psig)

Ta source #1 0.585 77 9.3 x 107 2 x 108 0.44
Ta source #2 1.837 222 2.9 x 10 6.4 x 106 0.43
Al/Ta source 1.902 230 3.8 x 10° 8.4 x 108 0.54

The aluminum encapsulated source lipmed with 0.005-in. of tantalum produced
about 1.3 times the K »~-ray output of tantalum source No. 2 evern though both
sources contained roughly the ssae smount of 85Kr. This greater production
efficiency for the aluminum encapsulate] source is probably due to the lower
thickness of the tantalum liner (0.005 in.) compared to the tantalum encap-
sulated source (0.009 in.). Production efficiencies are comparsble to those of
the multilayer sandwich sources and total outputs meet the desired level.

Calculated capsule pressures include the helium gas wvhich wvas added to
prevent contamination leskage of air into the capsules prior to seal welding
the filler tube. These pressures are below the calculated maximm

pressures of 775 psig for the tantalum capsule and 390 peig for the alwminum
capsule.

Photon distribution for the sources for energies of 5 through 80 keV were
determined for several ranges (Table 5).

Table 5. Photon Distribution from Gaseous Krypton-85 Source

Ratio of K X-rays
Percent photons in energy range to total photon
yield in rauges of

Source 5~20 keV 20-70 keV 70-80 keV 5-80 keV 55-70 keV

Tantalum 43.02 51.12 5.92 0.136 0.450
Source 1

Tantalum 44,22 48.92 6.72 0.109 0.378
Source 2

Aluminum/ 43,12 50.8% 6.02 0.099 0.373
Tantalum 1

The ratios of K x-rays to total photons for the gaseous sources are
lower than for the sandwich-type sources. It is not clear why this is so
but the observation is consistent for all three gaseous sources,

[
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Application of Gaseous Kryptom-85 Sowrces

Since x-ray output of the gaseous sources appeared high enough, 1i: was
decided to test them in the Bureau of Mines instrument. Tantslum sources

1 and 2 were placed in shields fixed vith collimstors (Figure §) and tested
in a coal dust analyzer (Figure 5). In addition, radistion dose rates
outside the amnalyzer were measured (Figure 6).

Radiation dose rates were highest at cuvatact, 120 ar/hr, and vere appreciable

at 12 inches, 5 ar/hr. These rates are intolerable and shielding would have to
be incressed. WUhen the unit vas tested using coal dust and rock dust the reswlcs
(Table 6) reflected the relatively high radiacion ervirommen: in the amalyzer.

Table 6. Count Rates Using fasecus Krypton-385
in Coal Dust Analyzer
(Net Count Rates in Parentheses)

Counting Rates (cts/sec)

Sample 20-77 keV 20-60 keV 5=20 keV
Background 160 115 376
1002 Rock Dust 181 (21) 132 (17) 8 (22)
1002 Coal Dust 193 (33) 146 (29) 402 (26)

The background count rates in the three energy canges tested are all excessive
compared to the backscatter count rate. The operating range for the instrument
is the difference between the 1001 coal dust and 1002 rock dust or 12, 12 and
& counts/second respectively for 20~77, 20~60 and 5-20 keV ranges. This means
that comting times of 1-2 minutes (as are used vith the 2*lim Wmll‘:wld
yield a coefficient of varistion of higher than 101 using the gaseous

source. Either the commnting times would have to be

else the background count rate would have to be reduced by shielding the source
on all sides except the vindow,

SUMARY AND CONCLUSIONS

Several radistion sources, based on 35Kr were evaluated as substitutes for
2%1pn in the U. S, Bureau of Mines cosl dust snalyszer. Sources based on ®
impregnated aluminum foils caanot yield an adequate x~ray output ueing
presently availsble foils. At least a 30-fold increase in 95Kr loading of
the foils would be necessary. While there msy be other applicatioms for
x-ray sources mede from %5Kkr foils sandwiched between targst elemsut foils
(molybdenus, cadmium, tungsten), such foils are wnlikely to replace 2'lpm
in the cosl dust snalyzer.

Sources using enriched gaseous 95Kr encapsulsted in containers made from or
1lined with a targst element, such ss tantslum, have much higher »~rsy yields
spproaching those of the currently used 2“lAm sources. Unfortumately these
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sources also have high radiation emission of relatively penetrating

gamma rays (0.51 Me7) from 35Kr decay. This radiation would not ounly be
hazardous for the operator of the analyzer using present shields but also
it severely hampers the messurement of scattered radiation from the sample
because of the excessive background count rates. If stielding were incressed
for operator protection and for the lowering of background coumt rates,
weight of the instxrument would probably increase beyond practical limits.
It therefore seems unlikely that the gaseous $5Kr source vwill be useful as
a replacement for 2%lam sources in the coal dust analyzer. Perhaps other
applications for these gaseous 85gr sources in non-portable configurations
where shield weight is not a factor may be found.
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