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: : APPLICATION OF LITHIUM- DRIFTED GERMANIUM R
GAMMA-RAY DETECTORS TO NEUTRON ACTIVATION ANALYSIS‘

. '“?li;ﬂ; _i Non- Destructive Analy51s of Aluminum

S. G Pru581n, J A. Harris, and J. M. Hollander

Lawrence Radlation Laboratory
University of California
Berkeley, California

'Apri1¥1965'

B ABSTRACT.

'-A lithium-drifted‘gérmaniUm.gamma:ray spectrometer has-been"atiliied'
ﬁfifor the non-destructlve analy31s of aluminum by the" method of neutron activation.

/

";fBecause of the much higher resolving power of these semi-conductor detectors in ¢

”7comparison to the Widely ‘used sodium iodide scintillators, a marked simplifl-"

) - In thls work fractional parts-per-mllllon concentrations of Mn Sc, HE, and
"-:'Cr were readlly detected and analyzed non- destructively in 99 9999% aluminum. »
“-A comparison is made with the results of" other non-destructive analyses of :

"aluminum.‘,'.v

'iication is achleved in‘the analysis of samples yielding complex gamma-ray spectra: L
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INTRODUCTIONV

In recent years, the technique of activation analysis utilizing gamma—~
ray detection has received considerable attention and has been shown to have
important applications to a wide variety of analytical problems. Of the many
features tending to make the technique attractive, perhaps the most important
are: very high sensitivity for many elements, elimination of need for reagent
blanks common to many other analytical techniques, and lack of interference
from neighboring elements (since the decay properties of radioactive isotopes
are unrelated to their chemical properties). With the development of large
sodium iodide scintillation detectors and lower-cost multichannel pulse-height
analyzers, the technique has been put within reach of most laboratories. |

However, in many practical situations, the use of activation analysis
has notbbeen attractive because of the laborious procedures that are required,
for example, for the simultaneous determination of several elements in the same
sample. Practical samplescontaining a number of readily activated elements
generally yileld complicated gamma-ray spectra, because of the production of
several radioactive.isotopes each of which nay have a number of gamma-rays in
its characteristic spectrum. Because of the_poor intrinsic resolving power of
sodium iodide scintillation detectors, there results a considerable overlap of
gamma lines in the spectrum. In order to'sort ont and identify the component
gamma~ray lines,'it is necessary either to employ'elaborate and time consuming_
chemical separations or to resort to indirect methods such as the "synthetic
analysis' of the spectrum with use of complex computer programs (2).

Recently, a significant advance in the field of gamma-~-ray spectroscopy
has' taken place, with the development of semiconductor detectors that have very.
nuch higher resolving pover than the widely-used Nal scintillators'and yet are

moderately sensitive to gamma rays. It 1s possible with the use of these Lithium=
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‘drifted germanium(Ge(Li)}detectérs to distinguish gamma rays differing in
energy by as little as E;M keV in‘complex gamma-ray spectra, and to détermine
their absolute energies to better_than 0.5 keV; Because of the high resolution,
individugl photopeaks stand éut morevdistinctly over background radiations,
and thus it is possible to detect felatively weaker gamma linesvin a épectrum
than can be dpnevwith'scintillation detectors.

These properties have aroused éur interest in the applicationvof Ge(Li)
detectors to problems in activation analysis, eépecially to non-destructive ~
 analysis,.where‘the high a&ailéble resolutién would &appear félallow wider ap?li—~
cation of thé techﬁiqae as.well.as an improvement in.sensitiVity._ |

To invesﬁigate thegg possibilitieé,‘we have conSidefed the analyéis of
-hiéh—purity aluminum by héﬁtron actiVation, a problem that has been given'con—.
siderable aftention. for a review of previous activation analyses of high-purity
aluminum, the reader is referred to the paper'by Chinaglia‘and Malvano (3) on
a non—destructive analysis and that of Géittet and.Alﬁert (5)»on a desfrﬁétive
analysis. In‘this réport Ve discﬁss and compafe”the results of our»hon-des;
tructive analysis using Ge(Li) deteétors-with préviogsly reportéd non-destructive

analyses.
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- EXPERIMENTAL
The detector used in the present.study was prepared in this laboratory
and has dimensions 6 e’ %x 9 mm (active thickness). The detector is'operated|
in vacuum at approximatel& 77OK, with a bias voltage of 720 volts. For a com-

prehensive description of the characteristics and fabrication of lithium-drifted

germanium detector.. systems, the reader is referred to the reportg of Ewan and

Tavendale (L), Goulding (6), Goulding and Hansen (7), Hansen and Jarrett (9),

and Miner (12).

B A sectional view of a typical detector assembly is shown in. Figure 1
and a picture is reproduced in Figure 2. The detector_is mounted on a copper
plate that makes thermal contact with a liquid nitrogén reservoir cryostat. A
Varian VacIon pump is used to provide a pressure of approximately 2 x ]_O—5
microns in the detector chamber. The front window of the detector chamber is
aluminum, of thickness 0.020 in. (137 mg/cme). The associated electronics con-
sists of a low—npise, low-capacity preamplifier and biased amplifier system
designed by Goulding and Landis (8) and constructed at this Laboratory. Pulses
from this system are routed to an RIDL 400 channel pulse-height analyzer fér
sorting. | | | r |

The photopeak efficiency fuﬂctioﬁ of the detector for gamma rays of
various energies was obtained ﬁy counting standardized sources.of Hg203,‘Na22,
, and Au ,undef the experimentél conditions used for the activation analysis
samples. The absolute disintegration rates of these standard sources were

obtained by a colncidence method (l). The resultihg experimental photoelectric

efficiency curve is shown in Figure 5 along with the corresponding cﬁrve for a

.5“ X 3" (diam.) NaI(T1l) crystal. The latter curve was constructed from the data

203

given by Heath (10). In the case of the Hg 279erV line, the efficiency of

the Ge(Li) detector relative to that of the NaI(T1l) detector (with the source
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located at aﬁdistancevofvapnfoximately 2;5 cm from’thedface'of tne detecton)-
‘bwas found Lo be 1.3 X lO

In Flgure 4 are shown curves relatlng the observed line widths of
gamma- rajs as a functlon of ganma ray energy for a Ge(Li) detector of d;mensions
2 cm2 X 7 mm‘(actlve layer)'and a 3" x3" (dlam ) NaI(Tl) cyrstal. iThe.langen |
‘Ge(Li)‘detectorvused.in the present work showed a line width of about F keV
(full width at half maximum) for the 122-keV gamme ray of Co57, as compared to
about 2 keV for the smaller detector. These line widths are to be compared
with a width of about 20 keV typioal of the response of NaI(T1) detectors atv'
thié energy. |

The aluminum samples;'wnich ranged from aluminum wire of‘unspecified_
purity to 99.9999% aluminum ingots, nere prepared for irradiation by etchinga
in concentrated Hdl’to remove surface contanination -The;samples were then
packaged An polyethylene film or sealed 1n quartz tubes along w1th the appro-
priate standards. Neutron 1rrad1atlons were carrled out in the Livermore LPTR
»reactor.> Irradiation periods ranged from 2 hours to 90 hours. After irradia-
tion the samples were agaln ‘cleaned by etchlng in concentrated HC1l and then
mounted on aluminum planchets for countlng Samplee werevgenerally'available
Tor counting within 3. hours after the end of itradiation.. In order-to prevent
the deteotion of beta rays and internal oonversion electrons, the samples were
counted thfongh a,675vmg/om2 aluminum‘absonber. | |

The peftinent characteristics of the reaotor irfadiation'tosdtions used

in these studies. are given in Table I.
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RESULTS AND DISCUSSION
~ Short Irradiations: Analysis‘of Copper, Manganese, and Gallium in Aluminum.
Tn order to determine inpurities in the aluminum giving rise to_Short—lived
activities, several saﬁples of aluminum of different purities were irradiated
for 2-hour periods in the LPIR reactor. The gamma-ray spectra of these
samples indicated the presence of Cu6 s Mn56, Ca72, and.Naa
Examples of gamma-ray spectré obtained from the 2-hour irradiation of
- aluminum wire of unspecified purity in positionvs;l of the reactor are shown
in Figure 5. Spectra A and B were obtained with the Ge(Li) detector and spec-
trum C with a good 3" x 3" (diam.) NaI(T1) detector. |
The energy.range used in the épéctra of figﬁre 5 is 2500;kevf Although
~most oflthe gamma rays are well resolved it is important to note that the full
resolving power of the detector is not apparent because of this large energy
: -

range. .. In particular, it appears that the 83L-keV line from Ga is not

56; that the detector is capable of

resolved from the 8L45-keV line from Mn
resolving these lines is demonstrated in the insert to this figure in which a
smaller energyvintérval is analyzed. This illustratgs the practical point

that although a 400-channel-analyzer provides a sufficient number of cﬁannels
for the low-resolution sodium lodide spectrumvof an energy range as great as
2500 keV, it is not adequate for a hiéh—resolution spectrum. "We normaily use a
maximum energy -increment of 1.0 keV per channel with germanium systems in order

. to teke full advantage of the available detector resolution.

56

Note also that the relatively weak line from Mn” at 1815 keV is

cleanly resolved from the 1729 keV-”double escape peak' from l\Ta,QLL in the Ge(Li) 
o -

~ spectrum. The many resolved lines of Ga ~, although weak, illustrate the

benefits of the imprdved resolution.
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The results of the analysisbof eopper,jmanganese, and.éallium in
aluminum samples of four different grades are,given_in Tabie IT. Tnese were
obtained by comparison'of the intensities of the 511-keV line_(Cu); 8§h—keV:
line (Ga), and the 8L9-keV line (Mn) in the spectra of the aluminum sampleS"
with the corresponding intensities obtained from standards that were irradia—
ted simultaneously.. Included in the table are'the apparent coneentrationsaof
sodium impuritj in two of the aluminnm samples,'as determined from the indueed
.NaglL activity. In thisbcase a major fracﬁion of the observed I\TaQLL ie.actnally

ok

dibe to the secondary reaction, A127(n,a)Na In the case of the sample of

1 99.9999% aluminum, this reaction accounts for more than 90% of the observed

Nagh;

Long Irradiations;.Analysis of Iron, Cobalﬁ, Chromium, Hafnium,dand écandium

in Aluminum. :Sanples of the aluminum wire and 99,9999% a;uminum were irradia-
‘ted for 90-hour periods in position S-1 of the LPTR‘reactor to enhance the
longer—lired activities induced in the aluninun; After a decay period of about

10 days eSsenfially all of the.Nagu; Cu6h, and Ga72 had decayed and it was

possible to observe gamma'rays:from Fe59, 0060, Cr5l, Hlelz_and Sch6 in tne
activated aluminum wirer Tne'gammarray spectram of "the wire sample, taken two
weeks after the end of irradiation, ia shown in Figure 6. .The spectrum shown
in the upper part of this figure was takén with an analyzer settiné lf 3.6 keV
per channel. For more detail, the wvarious energy regions were also examined
with a setting of 0.8-1.0 keV per ehannel; two sueh regions are shown in the

' lower part of the figure.. | |

The gamma-ray spectra of the wire sample obtained nith,rhe smaller

energy,interval per channel permitted the precise determination of the photon

energies. These values are compared with literatﬁre‘values in Table IIX. Also

ix
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‘;f“apparent 1n the expanded spectra were a number of weak lines whose presence

'ﬁfﬂaided in the qualitatlve 1dent1f1cation of several ilsotopes. Thus. the 55 3_,

"-tkrkeV line (Ta K x-ray) and 133.4- keV line, as well as the prominent lines at

- 181
§{3h5 3 and h8l 2 keV, were readily asslgned to the decay’of HE from their
‘ 59,

a:energies and relative 1ntens1t1es. Similarly, in the case'of Fe the assign-

ments of the lO95-keV and 1292~keV lines to the decay of this 1sotope were
vconfirmed by the observatlon of the weaker lines at lh} O and 192 5 keV with -
the correct relative intensities., In addition to the impurities notes above,

’a weak line at th keV was observed in the earlier spectra and was aSSigned to

~

'the decay of Aul98,; The gamma-ray spectra of the 99 999%% aluminum sample

:{showed the presence of Cr51 Hfl81,'Au198

/

, and Scu6. . In Table IV we give

@ﬁthe concentratiOns offthe observed 1mpurities calculated from the data des-~

o cribed above. :",'-j;: ; , &"?{'.‘;f‘u;?.“_'i.‘;v"‘:

It is interesting to note here a problem assoc1ated with the early use
‘i-of the new Ge(Li) detectors that ‘from the point of view of analy51s, is some-

’vlwhat troublesome Due to the high resolution one often observes gamma-ray

'%{;llnes that have not been reported prev1ously because of” their low inten51t1es

‘ﬁ'iior because they were not resolved from other lines.: In the experiment reported
;Qhere we have observed llnes at 75 h 311 8 and 1220 KeV which at present are

{ﬂunas51gned. o

W?Sen81tivity Limits.r» It would naturally be of 1nterest to place ‘on & quanti-
tative basis the increase in sen51t1vity gained by use of Ge(Li) detectors in

activation analysis. Limits of detection were not however indicated in the

-



8  UCRL-16028

’

conditicns, ete.). This is particularly true in the case of aluminum since

6l 56 T2

the detectable limits of Cu”, Mn 'afe;dependent-upon the level of’

P and Ga
' LooeT o, o
Nagh activity induced by the reactlion. Al 7(n,a)Na . - Since the threshold

energy for this reaction is 3.3 MeV, wvariations in the ratio of fast neutrons

(En > 3.% MeV) to thermal neutrons in the different reactors can significantly:

alter the sensitivity limits for these elements. .
For the present purpose 1t suffices to compare, in Table V, the lowest

levels of copper, manganese, and'géllium actually detected andfmeasured in the

several non—destrﬁctive analyses of aluminum. We also iﬁcludeVin this tablev
the estimated sensitivity limits for the.irradiation and decay cohditions of
our experimént. v | |
fhese data show ciearly the loﬁer levels of these impurities detected

in this work and are an indicaﬁipn of the enhancement in sensitivity that may

be attained with the use of Ge(Li) detectors.

lQONCLUSIONS

,The_rgsui?s of our analyses of high-purity'alﬁminum demoﬁstrate‘the
power of lithium-dfifted germaﬁium gamma—rgy deﬁectors as a tool in.activation
analysis. Their_high'resolution relétivg to-thaf of'NéI(Tl) scintillators is
rarticularly significant fOrvnon—destructive aﬁal&sis. Because the need‘for
exteﬁsive éhemiqal separations is reducea wﬁen>aﬂélysis of many elements in
the.sgme sample is réQﬁired, the use of the non~déstructive techniquesvcan be
.extgndedvfpva'greéﬁer“va;igty of systémé. iﬁ those syéﬁems.bresently studied
 by non-destructive analyses, the high resoiution éignificantly.improves the

detection sensitivity and may also permit the determination of more elements.

The ease with which gamma-ray energies can be measured pfecisely and the enhanced

P
.
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abilify to observe weak spectral lines facilitates the qualitative identifi-

9 and Hf18l.

cation of radioactive isotopes, as shown here-in the cases of Fe
The tedious procedure of decompésitionband analysis of complex photopeaks,
common to the scintillation techﬁiqﬁe, is generally unnecessary with the use
of germanium detéctors. _ .

Although the experiments repcrted here were performed on a matrix
that does not of itself produce interfering long-lived activities;'the‘argﬁ—
mentslpresented here should be valid in most experimental situations. In
some.casesvit.may‘still be necéssary to perform a primary separatién from the
- bulk material, but there should be no need for-individual separations of all
elements of interest. fhe analyses of minerals and rare-earth element mixtures
are particularly interesting in this regard, and experiments are now in pro-

gress to investigate these systems.
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Table I. Characteristics of LPIR Reactor Irradistion Positions

* Position Thermal flux Cadmium _}r'atio Flux, En > 3.3 M‘er
S=-1 5.1 X ]_Olgn/cm2 sec . : ll‘ o ‘ 1 x .lOlln/cmgsec
12

§-2 3.4 % 10 8.3 . p-3 x 1070

<
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Table IT. Results of Non-Destructive Activation Analysis for Copper, Manganese, and Gallium in
Four Grades of Aluminum '

. 5Sampie:'“5irraaiation Copper . Manganese Gal;lum Sodium
Sample Weight -Position ug - ppm ug rpm g PPrm 1g ppm
Al wired 0.071kg S-1 68 950b 0.26 3.7 1k 200° “15 210
99.991°  0.133 §-2 1.7 13°  0.029 o022 . <1 A

0.5050 5-2 5.2 10° 0.12  0.25 < 3.4° T
99.999%A1°  0.6918 g-2 - 0.79 1.1b 0.22 0.%2 ' <0.14° 11 162
' 0.3%706 S-2 0.39 - 1.1° 0.080 0.22 <0.19° 7.4 20
99.9999%A1°  0.6072 S ©o. 0 <0.30% 03 o022 <0k X
0.502k §-2 o owosme®T0l08k 0.7 g T

‘ %~ S e ) QL‘_

Bs0dium concentrations are uncorrected for contribution from the reaction A127(n,a)Na .

b . ‘ :
Calculation OE copper concentrations have been corrected for contribution to the 511-keV photo-
peak from Nast, - ' :

‘ CUpper limits correépond to the maximum concentration allowed by statistics (20 limits) of the
total counts in the region of the analyzed photopeak. '

dSample of unspecified purity.

“Obtained with spectrographic analysis in the form of ingots from Cominco Products, Inc., Spokane,
Washington.

"Not, determined.

§209T-T400
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Table III. Gamma-Ray Energies_and Isotbpe Assignments

~ Isotope Ey(exp)(keV) Ev(literafure)(keV)
Ta K X-ray 55.3% i ' . 55.8
Hf}al' 133.4% 133.0
| 345.5 : -~ 3L5.8
hBi.2 - , - 482.0
re?? 143.0 o 145
192.5 - L 192
1095 1100
1292 - - . 1290
ot 319.0 . 310.8°
sc'® 1117 L1119
892 885-892 .
0° ~1172 ' ' ' CuT

1335 1333

o . .
All values have been taken from the Nuclear Data Sheets (13) unless otherwise
noted. ' ’ '

bReference 1k,
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Table IV. Concentrations of Impurity Elements in Aluminum Giving Rise to
Long-Lived Activities :

Concentrations in ppm .

Sample Sample wt. Fe Sc HE Co Cr

Al wire 0.1216g © 5300 0.58 2.6 0.88 57

99.9999% Al 1.029 - 0.17 - 0.48 = -- 0.47
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Table V. Comparison of concentrations of Cﬁ, Mn, and Ga Qbserved by Non—des—f
tructive Activation Analyses of High-Purity Aluminum

Concéntration (ppm)

Type of Al | - Cu Mn Ga
Chinéglia and Malvano (3)° zone refined 5.7 0.96 — -
Jervis.and Mackintosh (11) - 99.9% 18 1.5 0.5
Yakovlév et al. (15) zone refined 8 O;h_ | -:>“
Present work 99.999% 1.1 0;27 -

99.999% = -- 0.20 ' -

Estimated lower limit v .
observable with Ge(Li) . 99.9999% - 0.5 0.05 0.3
detector - ' »
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FIGURE CAPTIONS

Fig. 1. Schematic diagram of Ge(Li) detector aésembly..

Fig. 2. Photograph of Ge(1i) detector assembly. -

Fig..5. Pnotoelectric efficiency curves for the Ge(Li) gaﬁma—ray detéctori
and a 3" x 3" (diam.) NaI(T1) scintillator.

Fig. L. C@mparison of gamma-ray line widths as a function of gamma-ray
energy for a Ge(Li) detéctor and a 3" x 3" NaI(Tl)‘detector.

Fig. 5. . Gamma-ray spectra of activated aluminum‘wire, Spectra A and B
were obtained with the Ge(Li) detector and spectrum C with a 3" * 3" (diam.)
NaI(Tl) scintillator. .The'spectra were taken at the following times afferl
a 2-hour irradiation: A = 5.2 hr; .B =54.7T hr; C = 5.7 hr.

Fig. 6. Gamma—ray spectra of ﬁhe activated aluminum wire showing long-lived ‘

activities induced in the sample. The spectra weré obtained with the

Ge(Li) detector 16.4 days after the end of a 90-hour irradiafion.
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the

. Commission"” includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee

of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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