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The muonic x ray spectrum resulting from nenstive 
muons stopoinp in tissue samules and tissue "equivalent' 
materials has been obtained. Relative muonic x rav in- 
tensitiee have been determined and an attempt made to 
correlate these intensities with atomic abundances in 
these materials. A comparison of the results for the 
various targets is oresented. Limit3 of sensitivitr 
for fluorine and calcium in these biological materials 
have been established. 

Results are outlined which demonstrate the feasi- 
bility of obtaining data in the singles mode, that is, 
without a muon telescope. This will allow one in the 
future to use the higher muon beam intensities which 
will be available at LA!!. In addition, the use of 
larger targets will be possible and the bossibility 
of usinq focusing collimators to interrogate a 
snecimen is likely. 

I. Introduction 

Before the initial development of meson 
"factories" the oossibility of using muonic x ray 1 2 
for elemental analysis of tissue had been suggested ' 
as has the possibility of using muonic x rav intensity 
ratios to differentiase between normal and pathological 
(e.g. tumors) tissue. Althougyh some investigators 
have obta ned muonic x ray spectra from biological 
materials t *5 there had been no programatic effort 
devoted to studying the feasibility of using the muonic 
x ray intensities for analysis of bioloEica1 materials. 
However, a arogrsm of this type has been initiated at 
the Los Alamos Meson Physics Facility (LAMPF) and some 
of the nreliminm results are reported here. 

The reeults from negative muon9 stoaaina in seven 
tarnets are reoorted. These targets are 1) aiq muscle, 
2) oia liver, 3) oig fat, 4) tissue equivalent liquid, 
5) Shonka elastic, 6) Sookas plastic and 7) calf liver. 
The two nlastics are often used as tissue eouivalent 
materials in dosimetry studies and have well defined 
comoosition. They are considered to be essentially 
identical materials. The tissue equivalent liquid Is 
a comnosition which should c 8 osely resemble the ele- 
mental comnosltion of muscle and also has a well de- 
fined conoosition. 

II. Exncrimental Arrangement and 
Data Acquisition and Analysis 

An arran&ement shown schematically in Figure 1 was 
nlaced in the beam at the stonued channel of the Los 
Alsmos Meson Rhvslcs Facility (LANPF). 

0 Work done under the ausaices of the U.S. Atomic 
Enerm Commission 

+ Work sunoorted in oar: by a Faculty Fesesrch Grant 
from the University of Mississinpi 

The enere;v of3the incident beam was 110 MeV and the flux 
about 90 x 10 negative muons per second for a 6 usmo 
aroton beam. With the 6% duty cycle of the yachiflr this 
Rives an instantaneous flux of about 15 x 10 set . 
At times the nroton beam was increased which resulted 
in a 50% increase in these flux values. The contsmin- 
ation in the beam is less than 0.1% negative nions and 
about 2% electrons. 
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Fimre 1. Experimental Arrangement 

The targets each have a thickness of 2.0 am/cm2 
and are 10 cm wide by 7.5 cm high. They are oriented 
vertically and k5' to the beam. This gives a target 
area aeroendicular to th$ beam of 7.1 cm bv 7.5 cm and 
a thickness of 2.8 &cm parallel to the beam. The 
muon stoo rate in the taract, characterized by a 1239 
coincidence requirement, was maximized by inserting 
a total of 11.5 cm of no&ethylene in the beam. This 

gave Y aveF e stooping rate in the targets of about 
4 x 10 set . Scintillator 3 (vi&Ire 1) has an area 
7.5 cm x 7.5 cm thereby inaurina that a muon DasslnF: 
through this scintillator will hit the target (except 
for the small fraction that may scatter). Scintillator 
3 is set 5.5 cm from the center of the target and aarts 
of it can be "seen" by the Ge detector, This results 
in a significant muonic carbon x ray contribution from 
muons stopping in this scintillator. By running a 
"duna&' target of beryllium (having a thickness of 2 
fl/cm*) the amount of this backaround (non-tarRet) 
radiation was determined. 

The germanium detector located 7.0 i?m~ from the 
center of the taraet is an intrinsic device in the 
shame of a right circular cylinder with a diameter 35mm 
and a thickness l&m. It is housed in a stainless 
steel crvoutat with a 0.025 mm beryllium window. The 
resolution of the system was 800 eV at 122 keV. 
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A Canberra 8100 multichannel analyzer was used for data 
acquisition with subsequent storage on magnetic tape. 

The targets were suspended in a Styrofoam box 
which had provision for holding dry ice. This was 
necessary in those cases where we wished to keep the 
tissue targets frozen. In those cases where dry ice 
was used the non-target radiation was determined with 
the beryllium target and with the dry ice in place. 

The fast coincidence system was of conventional 
design with a resolving time of 10 nsec. The signal 
from the. germanium detector was amplified and nut into 
a constant fraction discriminator. The output of this 
discriminator and of the fast coincidence system were 
used as inputs into a time-to-amplitude converter and 
a discriminator allowed one to select the coincidence 
timing range. A resolving time of 70 nsec resulted 
in a uniform range of coincidence from 15 keV to about 
2 MeV. The coincidence efficiency was greater than 
95%. The average count rate in the analyzer, charact- 
erized b -y a 1234 Ge coincidence requirement, was about 
200 set for the tissue targets. Some spectra were 
accumulated without the 123ri requirement and instead 
the analyzer was gated with a pulse obtained from the 
mimay nroton beam. The analyzer counting rate in- 
creased by about a factor of two in this case- 
primarily due to an increase in the background. 

The x ray spectra were analyzed using the Los 
Alamos yersion of the gamma-ray analysis orogram 
GAMANAL. Background corrections were made using the 
data from the beryllium target runs and source absorp- 
tion and detector efficiency corrections were aoplied. 

TABLE 1. RELATIVE MUONIC X RAY INTENSITIES 
EL= TRANSITION INTENSITY-% 

c 2D-1s 55 
3P-1s 20 
4p-1s 11 
5a-1s 3.3 
6p-1s 0.85 

N 2.0-b 2.3 
Ei 

5;1s 

0.38 0.76 

0.24 

C a-15 8.5 
3E-1s 3.5 
4n-1s 1.8 
5a-1s 0.87 

N m-1s 2.2 
3n-1s 1.1 
hn-1s 0.34 

0 2p-13 48 
30-1s 14 
Ln-1s 12 
5D-1s 5.4 
61s 1.8 

Saokas Plastic Fimre 2. Snectrum from Spokas Plastic 

The spectra obtained with the Spokas plastic 
target is shown in Figure 1. Besides the C, N, and 0 
Lyman series lines the Q line is also evident. In 
addition, the analysis s Ea ows the presence of the Ca L 
line as well. Table 2 lists the energies of the mow& 
x ray lines of interest. 

0 

F 

Cl3 

TE Liquid 

20-18 3.7 
3D-1s 1.3 
4p-1s 0.94 
5P-1s 0.40 

2p-1s 0.57 

3d-2D 0.30 

Table 2. !4OUNIC X RAY ENERGIES (keV) 

ELEMENT K 
a Ku "y K6 KE 

c a 
75.3 89.2 34.1 96.4 97.6 

Na 102.4 121.4 128.1 131.2 

OB 133.5 158.4 167.1 171.1 173.3 

F 168e.2 199.7 

S La = 100.7 Lu = 135.7 

K La = 142.6 Lu = 192.c 

Ca Lo = 158.2 Lu = 212.9 

a) T. Bubler et al, Rut. Phys. n (1974) 29 

Results for the calculated and measured relative 
total Lyman series x ray intensities for the Spokas 
nlastic and tissue equivalent (TE) Liquid targets are 
given in Table 3. Column one lists the element and 
its atomic abundance in nercent, column two Rives the 

III. Results 

The intensity values for the muOnic x rays from 
t=Rets are reported here. For two of these targets, 
Sookas plastic and a tissue equivalent liquid, the 
spectra have been analyzed in detail. The result of 
this analysis is presented in Table 1. The first 
column lists the element of interest, the second 
column designates the x ray transition, and the last 
column gives the measured relative x ray intensity. - -. 

six 

Including systematic errors the overall uncertainty in 
these values is estimated to be about 15%. However, 
within each elemental grouping the relative uncertain- 
ties are about 5%, except for the carbon series where 
source absorption corrections lead to a relative uncer- 
tainties of about 10%. The intensities are normalized 
so the total x ray intensity for each target is very 
nearly 100%. 
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calculated total intensity ?or each Lyman series 
(except hydrogen) based only on the atomic abundance, 
column three gives2the calculated intensity assuming 
a Z-law correction , column four gives the calculated 
intensity assuming a "modified" Z-law correction, and 
column five lists the measured values. 

In calculating the values for the intensities, we 
assumed that those muons which were initally cantured 
bv hvdroaen are ultimately transferred to the heavier 
atoms. For the values in column two we assumed the 
number of muons transferred to each atom (heavier than 
hvdroaen) was orooortional to the number of heavier 
atoms present in the target (i.e. the atomic abun- 
dance). The values in column three were calculated 
assuming the number transferred was pronortional to 
the atomic number of the atom (i.e. canture predicted 
from the simple Z-law). The Fermi-Teller Z-law states 
that the relative number of muon captures inan element 
will be nroportional to the atomic number of theelement 
For the values obtained in column four, we assumed that 
the muons were initally captured in oronortion as pre- 
dicted from the Z-law - this includes capture in 
hvdrogen. However, we further assumed that the muons 
would be transferred from hydrogen to the nearest 
heavy atom irrespective of its Z-value. This 
calculation necessitated a knowledge of the molecular 
form of the taraet. 

TABLE 3. TOTAL Ly?IAN SERIES MUONIC X RAY INTENSITIES 

Element- 
Atomic % Relative Total Lyman Series Int lsities 

Calculated 

en 

1 Measureda 

No Z-law Z-law 1 Yodified Z-la 

SPOSCAS 
PLASTIC 

H-58.75 

c-32.85 

A- 3.65 

o- 3.65 

F- 0.74 

79.6 74.1 

8.8 9.6 

a.8 11.0 

1.8 2.5 

88.7 

4.9 

4.9 

1.5 

89.1 

3.7 

6.3 

0.9 

Fipure 3 shows the spectrum resulting from using 
a calf liver taraet and EatinK, not with the muon 
telescone, but using the macropulse of the primary pro- 
ton beam (6% dutv cycle). The exoerimental arrangement 
was identical to that shown in Fipure 1. 

TE 
EQUID 

H-63.47 

c- 6.35 

N- 1.56 

O-28.38 

s- 0.06 

K- 0.06 

17.4 7.35 

4.3 4.21 

77.9 87.6 

0.16 0.37 

0. lh 0.46 

14.7 14.7 

5.0 3.6 

80.3 81.7 

a)IJncertainties a?701 10% 
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Although the muonic x ray tissue analysis DTO- 
gram is in its formative stanes, some imnortant results 
have alreadv been obtained. From the values shown in 
Table 1, one finds that the ratios of line intensities 
for a given element in different comuounds are not 
always the same. For example, the 0(2p-ls)/ (3p-1s) 
ratio for the Spokas elastic is 2.85 whereas it is 3.43 
for the TE Liouid. The R(2n-ls)/(3~-19) ratio for the 
Snokas plastic is 2 whereas it is 3 for the TE Liquid. 
Consequently, it annears that the chemical form of the 
taruet can affect the individual line intensities. 
This effect has been observed by others and is dis- 
cussed in reference 9. IJltimatelv, this may allow 
one to differentiate amona tissue samples bv using; such 
ratios as signatures. For example, this could lead 
to the ability to differentiate among normal tissue, 
malicnant tumors and beninn tumors. 

Table 4 presents the results of the measurements 
on the six targets reported here. 

TABLE 4. 
MEASURED RELATIVE MTAL LW MJONIC X RAY INTENSITIESa 

I - RELATIVE INTENSITIES 
TARGGP C N 0 

, 

Snokas Plastic 90 3.7 6.3 

Shonka Plastic a9 4.3 6.7 

Pip: Fat 50 9.8 40 

Pig vuscle 19 2.6 78 

Piss Liver 15 2.6 a2 

TE Liquid 14.7 3.6 81.7 

a) Uncertainties about 10% 
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Figure 3. Singles Snectrum from Calf Liver 

IV. Conclusions 

Chemical effects in the muonic canture nrocess 



c3re also indicated by the results presented in Table 
3. If the muon capture rate depended only on the 
number of atoms nresent then one would expect a cor- 
relation between the total Lyman series intensitv and 
atomic abundances. This follows since each centured 
muon ultimately reaches the Is state. Likewise, a 
correction for the Z-value of the atom might be exnected 
to give intensity ratios correlated with column 3. 
Rowever, the measured intensitv values are in closest 
agreement with the calculated values obtained tith the 
"modified" Z-law annroach. Inherent in this calculation 
is a correction to the intensities arisinr from the 
molecular structure of the target. Although the 
annroech is similar, this correction is not necessarily 
the same that one would obtain by assuming that e 
lame fr 

4 
ction of muons is cantured into molecular 

orbitels . From the data in Table 3, it aDpears that 
one mav be able to establish a correlation between 
the muonic x rav intensities end atomic abundances 
provided some information is available about the 
molecular structure of the target: conversly, one may 
be able to use the x rev intensities in the studv 
of molecular structure in biologlical semnles. 

Also, if the centure nrocess for negative muon is 
similar to that for the negative muons, then the date 
shown in Table 3 indicate that a correction similar to 
the "modified" Z-law approach may be necessarv in ner- 
formins nion dosimetrv calculations. 

The results shown in Table 4 indicate that, es 
exnected, the Snakes and Shonka plastics give similar 
results. The decreased water content in fat is evident 
from the lowered oxvgen intensity es comrrared to muscle 
or liver. The carbon/oxygen intensitv ratio Por the 
fat, muscle end liver is 1.25, 0.18 and 0.24 resnect- 
ivelv. These can comnare to similar measurements on 
nig fat, horsE muscle and calf liver performed hv 
Daniel et al. where they obtained ratios of 4.59, 
f1.36 and 0.32 resrectively. In addition, for the 
?I(?T)-ls)/O(?~-IS) intensity ratio Daniel et a2. ob- 
tained values of 0.043, O.C2h, and 0.033 for the nig 
fat, horse muscle end calf liver, respectively. The 
corresponding values for the fat, muscle and liver 
sarlnles reported here are 0.245, 0.032 and 0.033. A 
areet deal of further study is needed before one can 
internret these contrestinr: results. 

The snectrum shown in Figure 3 illustrates that 
it is feasible to obtain data without a beam telescope 
- even in the Ealmer series region. This will allow 
irradietlons at higher beam intensities without the 
attendant high count rate nroblems. This will enable 
one to interrogate smeller target volumes (riving 
greater hononenietv in the case of tissue samrrles) end 
to use shorter countinp times. A larper number of 
targets can be investipated and nossible svstematic 
effects noted. "his is being, ectivelv nursued. 

The threshold sensitivity of the Present technique 
using the 10 cc Ge detector for F and CR annears to 

be about 0.3% atomic abundance in targets with annre- 
ciable amounts of oxygen. A larger detector and/or 
tighter geometry could decrease this threshold sens- 
itivity by an order of magnitude. 

The lines in the Balmer series are evident in 
all our snectra and may prove to be helpful in studv- 
inp the surface layers of biological materials. These 
x revs are rapidly attenuated by tissue and the de- 
tected x ravs originate dominately from the first 
nillimeter or so of tissue. The possibilitv of using 
the singles spectra (Figure 3) to obtain these inten- 
sities eliminates the need for e low energy coincidence 
range. The rapidly increasing background at these 
low energies can be modified bv suitable collimators 
and other peometrical imnrovements. This is also 
being investigated. 
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