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Reports in the literature have described the use
of whole-body neutron activation analyses in man
for estimating the content of certain elements (1-7).
Thermal neutron reactions can be used to identify
and assay such elements as sodium, chlorine, and
calcium through n,y reactions. Irradiations have been
made with partially moderated fast neutrons in order
to approach uniform thermal neutron flux distribu
tions throughout a body cross section. The additional
reactions dependent on the primary energy spectrum
of the incident neutron energy, however, have been
shown both to complicate dosimetry and interfere
with the analysis of the n,y activation products (8).
Precise calibration of the neutron spectrum and ex
tensive phantom studies are required to minimize
these problems. The recent work of Cohn, et al (6,7)
was the first to show that these coupled reaction
products could be used to identify and assay the
content of additional elements in man.

The majority of thermal neutron activation analysis
studies at selected anatomic sites in man have been
limited to the study of the thyroid gland. The work
of Boddy, et al (9) and Lenihan, et al (70) indicates
that results from the 127I(n,y)128I reaction can be

used to determine the iodine content of this gland.
Radiation dose levels delivered to the thyroid were
estimated to be comparable to those associated with
conventional 131Itracer uptake studies.

This communication reports on the use of thermal
neutron activation for determining the calcium con
tent at selected anatomic sites in man. Changes in
calcium content of the fingers or calcaneous have
been studied by x-ray densitometry and photon ab
sorption techniques to evaluate various pathologic or
physiologic states (11,12). Although these determi
nations do not necessarily reflect whole-body changes
in calcium, they have been found to provide useful
correlation with bone mineralization changes. The
relatively small volumes involved and the possibility
of shielding contiguous areas suggest that neutron
activation might serve as a preferable method of

analysis. Direct assays of calcium content should
provide a more sensitive determination.

In this study, relatively low thermal neutron
fluences have been used to assay calcium content
in mice and human cadaver fingers. Activation prod
ucts were detected and identified by gamma-ray
counting, using Nal(Tl) and Ge(Li) detectors. The
weights of the elements which yielded detectable
daughter products were determined from linear least-
squares analyses of the Nal(Tl) spectra. The result
ing estimations of calcium content in selected
specimens were compared with atomic absorption
determinations.

MATERIALS AND METHODS

Irradiation facility. All irradiations were made in
the central region of a hohlraum within the thermal
column of a Triga Mark II Reactor*. The irradia

tion runs were all made with the reactor operating
at 100 kw steady power level. Thermal neutron flux
density determinations were made on sample irradia
tions by gold foil activation measurements of the
reaction 197Au(n,y)198Au. Cadmium shielded foils

were used to determine the contamination of the
thermal flux by fast neutrons. Constant geometric
relations were maintained between the reactor core
and the specimens undergoing neutron irradiation.

Specimen irradiation and activity measurements.
Standard solutions, phantoms, sacrificed mice, and
disarticulated fingers were irradiated in polyethylene
containers with snap-on covers. The inside dimen
sions of these containers were 8 cm long X 2.6 cm
in diameter. The wall thickness was 2.6 mm. The
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irradiated samples were transferred to polyethylene
counting vials immediately following activation and
prior to counting.

Biological specimens undergoing irradiation in
cluded:

1. 17 female Swiss Webster ICR mice, 12-29
weeks of age, and

2. the second and third digits, disarticulated from
an adult human cadaver.

Solutions prepared from atomic absorption refer
ence standards and high-purity reagents were used to
standardize activation and counting procedures. So
lutions of each element identified by Ge(Li) and
Nal(Tl) spectral analyses of preliminary specimen
irradiations were studied individually. The effects of
irradiation volume and concentration of each ele
ment on flux density and activation product counting
efficiency were evaluated by:

1. Nal(Tl) detector measurements of the activity
resulting from standard solution irradiations at
several different volumes and concentrations
and

2. 198Au activation measurements of foils irradi

ated at various positions along the incident skin
surface, within the abdomen, and in a sagittal
cut of the vertebrae in mice.

Mixtures of the same elements detected in the
mouse and finger activations were also studied in
phantoms. An irradiation phantom was designed to
approximate the geometry of the mouse and the
human finger. It consisted of two coaxial hollow
cylinders. A standard activation vial was used as
the outer cylinder to serve as a "soft-tissue compart
ment". A capped Lucite tube 1 cm in diam with 1.4-

mm walls centered in the irradiation vial was used
for the inside cylinder or "bone compartment". The

outer annulus contained solutions of stable isotopes
of all of the elements detected, with the exception
of calcium. Calcium solutions were irradiated in the
inner cylinder.

Individual radioactive activation products were
initially identified by evaluating several irradiated
specimens with a nominal 3Q-cm3 volume Ge(Li)

detector. The specimens were positioned directly on
the vacuum cryostat for all measurements. Measure
ments of the induced radioactivity levels were carried
out with a 7 X 5-in. Nal(Tl) scintillation crystal.
The cross-sectional view of the lead-shielded scin
tillation crystal is shown in Fig. 1.

DATA RECORDING AND CALCULATIONS

Pulse-height distribution data were recorded with
a 1,024 multichannel analyzer. The spectra were pre-

LEAD
SWIVEL

TOP

MODULAR
LEAD

ANNULUS
BASE

CABLE
SPACE

'.Â»â€¢

Noi CRYSTAL

DIAMETER:?"

HEIGHTS"

r

PHOTOMULTIPLIER

TUBE ASSEMBLY

â€¢| STEEl PLATES-

FIG. 1. Cross-sectional view of Nal(TI)
detector assembly. Irradiated specimens
are transferred to counting vials and posi
tioned on sample holder; sample holder
attaches to top of Nal(TI) crystal for con
stant geometry measurements.
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Ge |1>) SPECTRUM

CH NO 1-1Â»'Â«Â« CM. NO. Â«9-792

FIG. 2. Gamma ray spectrum of irra
diated mouse recorded with Ge(Li) detec
tor. Mouse was irradiated for 6 min at
thermal neutron flux density of 1.8 X '0*
n/cm2/sec; counting was initiated 3.3 min

after termination of irradiation and spec
trum was recorded for 20 min. (Spectrum
illustrated in figure and spectra in Figs. 3
and 4 show results from summing every
four adjacent multichannel analyzer data
channels. This was carried out to achieve
good photoreproduclion of spectral data.)

sented for analyses in three forms: a digital listing,
a punched paper tape record, and a Polaroid print of
an oscilloscope trace. All data reduction was carried
out on an IBM System 360/44 computer following
transfer of punched paper tape data to magnetic tape.

RESULTS

Flux density. A thermal neutron flux density of 1.8
X IO8 n/cm2/sec incident on the surface of the

irradiation vials was used throughout the study. The
average cadmium ratio was 480. Gold-foil activation
measurements indicated a relatively constant neutron
distribution throughout the irradiated mice. Flux
density measurements at the skin surface, within the
abdomen, and in a sagittal cut of the vertebrae
showed a random variation ranging from â€”6.0% to
+4.5% of the incident flux density.

Ge(Li) and Nal(Tl) measurements. Ge(Li) detec
tor measurements were made immediately after 2-6-
min irradiations of sacrificed mice. The spectra re
corded from each animal were plotted and analyzed
for spectral components. Figure 2 illustrates a typical
spectrum recorded for 20-min live-time following
activation. Half-life and photopeak analyses of spec
tra serially recorded on each specimen showed 49Ca,
24Na, 38CI, and 5<1Mnto be present. These were con

firmed by standard and phantom measurements.
Similar measurements were made with a Nal(Tl)

detector on both sacrificed mice and finger specimens.
Samples were transferred to counting vials, and
counting was initiated within 1.9-6 min after termi
nation of irradiation. Irradiation times ranged from
1 to 4 min for the sacrificed mice; the time was 2 min
for each of the finger specimens. Spectra were re
corded in live-time for 20-min intervals. Multichannel
analyzer measurements were repeated several times
on each sample during the first 24 hr following irra
diation. The Nal(Tl) detector primary-energy photo-
peak distributions for the mice and fingers were
observed to duplicate the Ge(Li) detector's dis-
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tributions observed on mice immediately following
irradiation. Figures 3A and 4A show examples of
the spectra. The radioisotopes of Na, Ca, and Cl
were identified in both the mice and fingers. Serial
spectra, however, revealed that the half-life of the
photopeak, positively identified as due to 2.6-hr 56Mn

in the mice, was considerably different in the finger
specimens. In the latter the activation product was
identified as the 9.5-min radioisotope of Mg, 27Mg.
The similar characteristic decay energies of 5BMnand
27Mg, 847 keV for 56Mn and 840 keV for 27Mg,

prevented identification in the spectra recorded im
mediately after irradiation.

Figures 3B and 4B show a second set of spectra
recorded on the specimens at approximately 40 min
after termination of irradiation. These illustrate the
disappearance of the 2TMgcharacteristic energy pho
topeak for the finger specimen; the longer lived 58Mn

is still observed in the mouse.
Nal(Tl) detector. Measurements recorded on irra

diated standard solutions indicated that the induced
activity was directly proportional to element weight
for the range of element weights and volumes ob
served in biologic samples. This was observed for
solutions irradiated in the standard irradiation vials
and in the specially prepared phantoms.

Analysis. The activity of each of the radioactive
components in the Nal(Tl) spectra from irradiated
phantom solutions, mice, and fingers was calculated
by a linear least-squares method (13-16). Each
spectrum was assumed equal to a linear combination
of the individual reference spectra obtained from
standard solution irradiations.

The calculations were programmed in Fortran IV
language for execution on the IBM 360/44 com
puter*. The results are shown in Table 1. The weights

* A copy of the Fortran IV computer program used to
carry out these calculations is available on request from the
authors.
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FIG. 3. A shows gamma-ray spectrum of irradiated mouse (M-5)
recorded with Nal(TI) detector. Mouse was irradiated for 4 min at
flux density of 1.8 X 10s n/cmVsec; counting was initiated 2.2 min

of the mice ranged from 23.80 to 35.61 gm. The
two finger specimens, F-l and F-2, weighed 21.65
and 26.41 gm. Two mice, M-6 and M-ll, and one
finger, F-l, were also ashed at 600Â°Cfor calcium

determinations by atomic absorption. These results
and those observed for the same specimens by neu
tron activation are shown in Table 2.

Radiation dosimetry. The radiation dose absorbed
by the mice and fingers was determined from: (A)
measurements of background gamma radiation level
in the hohlraum, (B) calculation of the energy ab
sorbed from capture radiation resulting from interac
tion of the thermal neutrons with tissue elements, and
(c) the calculation of energy absorbed from activation
product radioactivity. The fast neutron dose was con
sidered negligible on the basis of the high cadmium
ratio and the lack of any significant activation prod
ucts from fast neutron reactions. Table 3 shows the
estimated dose to a 35-gm specimen irradiated for 2
min at a thermal neutron flux density of 1.8 X IO8
n/cm2/sec. The hohlraum gamma dose was meas-

after termination of irradiation. Each spectrum in Figs. 3 and 4 was
recorded for 20 min in live-time. B is repeat spectrum on M-5.
Counting was initiated 40.5 min after completion of irradiation.

ured with an ionization chamber. The significant
capture radiation dose was assumed to be from
^N(n,p)^C and JHin.y^H reactions; calculations
assumed the element distribution found in standard
man (17). Two examples of the absorbed dose from
the decay of activation product radioactivity are
shown for 24Na and S2P.The radiation dose expressed

in rem was calculated using a quality factor of 8.28
for the recoil protons and 1.0 for the gamma radia
tion (18).

DISCUSSION

The standard solution and phantom activity meas
urements showed that there was no significant flux
depression in the irradiated reference solutions for
the range of element concentration and volume pre
sented by the mice and finger specimens. This held
true for Ã‡a,Na, Cl, Mg, and Mn.

The mouse provided a readily accessible source
with an element content and volume similar to the
finger for studying flux density homogeneity and
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neutron fluence level effects on the activation prod
ucts. Gold foils placed at various regions in the mouse
indicated a small random flux density perturbation.
It is felt that these variations were due to the com
bined effects of additional elements present in the
tissue matrix and the irregular geometry of the
specimens. As there was no significant detectable
gamma emission from these elements, their effect
on flux depression was not evaluated in this study.
Since the finger presents a similar heterogeneous sub
ject for irradiation, the limitations on the overall
technique were found to be difficult to assess. The
flux density perturbations appear to be unavoidable
in this technique. The observed flux density depres
sion appears compatible with the depth dose curves
published by Snyder (19), provided a uniform inci
dent field is assumed.

Since the least-squares method of data analysis
assumes the specimen activation products to corre
late directly with the standard solutions and phantom

measurements, the effectiveness of the technique to
measure calcium was checked by atomic absorption
determinations. The comparative weight determina
tions, shown in Table 2, confirm the proposed method
of neutron activation for calcium assay. The flux
density perturbations observed in the mice do not
appear to affect the accuracy of the technique.

For the 2-min irradiation at a thermal neutron
flux density of 1.8 X IO8 n/cm2/sec, the absorbed
radiation dose to a 35-gm specimen was calculated
to be 14.6 rem for the irradiation configuration in
this study. No attempts were made to reduce the dose
level since this did not interfere with the in vitro
studies made to test the technical feasibility of the
proposed application of thermal neutron activation
analysis. To consider the technique for in vivo stud
ies, one must minimize this dose. The primary dose
contribution from the hohlraum gamma-ray back
ground level could probably be reduced by at least
a factor of ten by adding several centimeters of bis-
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FIG. 4. A shows gamma-ray spectrum of irradiated human fin ated 2 min after termination of irradiation. B is repeat spectrum
ger (F-2) recorded with Nal(TI) detector. Finger was irradiated for on F-2. In this case, counting was initiated 40 min after completion
2 min at flux density of 1.8 X 10" n/cmVsec; counting was initi- of irradiation.
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TABLE1. ELEMENT WEIGHTS IN
DETERMINED BY NEUTRONMICE

AND FINGER SPECIMENS
ACTIVATIONANALYSISTotal

weights of elements in irradiated specimens(mg)SpecimenM-l'M-2M-3M-4M-5M-6M-7M-8M-9M-10M-11M-l

2M-l
3F-TF-2*

M and F refer toCa230

Â±10247
Â±8259
Â±7240
Â±6247
Â±7273
Â±5269
Â±8288
Â±9271
Â±10291
Â±8289
Â±8305
Â±10259
Â±9592

Â±8578
Â±10mouse

andNa36.0

Â±0.432.5
Â±0.429.9
Â±0.427.0
Â±0.432.0
Â±0.434.2
Â±0.332.7
Â±0.534.7
Â±0.534.3
Â±0.434.4
Â±0.533.6
Â±0.437.2
Â±0.631.5

Â±0.652.7

Â±0.562.1
Â±0.6finger

specimens, respectively.CI39.6

Â±0.436.8
Â±0.433.4
Â±0.330.2
Â±0.333.8
Â±0.341.

7Â±0.536.2
Â±0.440.6
Â±0.438.2
Â±0.436.9
Â±0.438.8
Â±0.443.0
Â±0.534.1
Â±0.538.4

Â±0.447.1
Â± OSMn

Mg0.048

Â± 0.002â€”0.051
Â± 0.002â€”0.029
Â± 0.002â€”0.052
Â± 0.002â€”0.042
Â± 0.002â€”0.068
Â± 0.002â€”0.050
Â± 0.003â€”0.056
Â± 0.003â€”0.050
Â± 0.002â€”0.051
Â± 0.002â€”0.055
Â± 0.002â€”0.065
Â± 0.003â€”0.039
Â± 0.003â€”â€”

5 Â± 1.0â€”
8 Â±1.2

TABLE 2. COMPARISON OF CALCIUM
DETERMINATIONS BY THERMAL NEUTRON

ACTIVATION ANALYSIS AND ATOMIC
ABSORPTIONCalcium

in specimen
(mg)SpecimenM-6

M-11
F-1N.A.A."273

289
592*

Neutron activation

t Atomic absorptionDifference

A.A.f(mg)279

+ 6
301 +12
575â€”17analysis

determinations,
determinations.Difference

(%)+2.2

+4.2
â€”2.9

TABLE 3. RADIATION DOSE TO 35-GM
SPECIMEN RESULTING FROM 2-MIN EXPOSURE

TO A THERMAL NEUTRON FLUX OF
1.8 X 10s n/cm2/see

Source of radiation Dose (rem)

1. Gamma-ray background in hohlraum
2. Capture radiation: ^Nln.pJ^'C

3. Decay of induced activity: 24Na(7,0")

(examples) ""Pf/T)

10.
3.9

0.7

0.007
0.009

muth between the reactor core and the central ther
mal column (20). The data also suggest that calcium
content in the finger could be determined with an
estimated standard deviation of Â±4.5% with irra
diation times as short as 1 min. The addition of
bismuth to the irradiation configuration and such a

reduction in irradiation time should provide the
means for carrying out such studies in vivo. The
absorbed dose level would be well below recom
mended maximum permissible dose levels to the
hands for occupational hazards (20).

The thermal beam port modifications reported for
in vivo thyroid studies (9,10) would provide a con
figuration suitable to carry out this procedure. A
uniform thermal neutron field and adequate body
shielding could be obtained by extending a lithium-

shielded moderator from the beam port to accom
modate finger positioning. An alternative configura
tion might make use of a properly moderated and
shielded 238PuBe or a 252Cf neutron source. The

former has been shown to be a potentially useful
source for whole-body activation analysis studies (6).

Provided that only calcium determinations are
required, the spectral data collected in this study
suggest that the mathematical treatment of data
could be considerably simplified. The calculations
could be reduced to the evaluation of 49Ca in the
presence of 24Na since the latter provides the only
spectral interference at the 3.10-MeV decay peak
of 49Ca. This determination could be made without

requiring computer processing.

CONCLUSIONS

The results of this investigation demonstrate the
technical feasibility of determining calcium content
in mice and in human cadaver specimens by thermal
neutron activation analysis. In addition to calcium,
several other elements can be simultaneously assayed.

The proposed irradiation configuration and activa
tion fluence should allow calcium determinations of
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the fingers in vivo. The relatively homogeneous ther
mal neutron flux density observed in animal and
phantom calibrations suggests that it might also be
feasible to do similar determinations on the os calÃ©is.
The data suggest that calcium content of the finger
could be estimated with Â±4.5% accuracy using a
neutron fluence yielding a radiation dose of the order
of 2.8 rem. Compared with current techniques of
calcium determination at selected body sites (72),
this procedure has the unique capability to directly
assay calcium. Direct assay of calcium content could
provide a more sensitive indicator for such metabolic
changes as decreased bone density in osteoporosis
or demineralization observed in weightlessness or
chronic bed rest. Although whole-body activation
analysis can provide the same information for the
entire body, the procedure and instrumentation re
quirements can be much more extensive and costly.
The additional possibility of obtaining in vivo cal
cium assays at selected anatomic sites for differential
diagnosis in certain pathologic states and for thera
peutic followup strongly suggest that this technique
could be used in conjunction with or as a substitute
for whole-body activation analysis in certain cases.
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