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Depleted Uranium weapons, metal particles and radiation dose. 
Considerations of radiation exposure in tissue containing small dense particles of 
chemical elements of high atomic number as a consequence of secondary radiation fields 
resulting from scattering and photoelectron excitation 
 
C Busby 
Green Audit, Castle Cottage, Sea View Place, Aberystwyth, SY23 1DZ, UK 
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Abstract 
The biological effects of ionising radiation are mainly mediated through the formation of 
ions and free radicals formed by interaction between secondary electrons and the genetic 
components of living tissue, mainly chromosomal DNA. Conventional risk models (e.g. 
of the International Commission on Radiological Protection, ICRP) concede the 
importance of ionisation density at the target through a system of weighting of the 
quantity absorbed dose to allow for high ionisation density e.g. in the case of alpha 
particles which carry a weighting of 20. These weightings are not yet extended to all 
other situations of high ionisation density e.g. DNA bound Auger emitters even though 
these are known to carry enhancement of risk relative to their averaged dose. However, 
an interesting radiological situation arises in the case of internal massive micron range 
particles of elements of high atomic number since the absorption of gamma radiation is 
proportional to the fourth power of the atomic number. Gamma absorption for photon 
energies below 250keV (e.g. in natural background radiation) should be enhanced by 
such a factor and the enhanced absorbed energy in the particle is largely converted to 
short range and highly ionising photoelectrons. I discuss the theoretical enhancement of 
ionisation density in the region of massive particles of elements of high atomic number 
(Uranium, Gold) which arises through the enhanced absorption of natural background 
gamma photons and their conversion to photoelectrons and suggest that such a 
mechanism for radiation damage has been overlooked by current risk models but may 
contribute significantly to radiobiological effects. The idea is amenable to experimental 
investigation. 
 
Introduction 
It is and interesting and well known fact that health protection models based on theories 
of the biological action of ionising radiation at the cellular level concede the importance 
of including weighting factors for ionisation density. Thus absorbed dose quantities, rads 
and Grays become transmuted into 'effective dose' quantities, rems and Sieverts by 
employing weighting factor which are chosen to reflect the increased density of 
deposition of ions along a track, the quality known as Linear Energy Transfer (LET). 
(e.g. ICRP 60, 1991, Hall. 2000, BEIR V 1990 ). Since it is the ion and free radical that 
interacts with cellular constituents and ultimately produces the the fixed mutation that 
leads to the end point in health deficit it is clearly necessary to take into consideration the 
ionisation density at the target, the living cell. The most well kown example of this 
approach is the internal alpha particle emission which carries a weighting of 20, and thus 



an absorbed dose of 1 mGy (calculated by dividing the absorbed energy in Joules by 
some chosen mass into which the energy is transferred) becomes 20 mSv.  
 If this is a reasonable way of dealing with the quality of different radiations, their 
biological effectiveness, it is logical that weighting factors are also developed and 
employed in all situations where ionisation density at a target is exalted, Thus, cells in the 
vicinity of a 'hot particle' (a massive micron diameter radioactive particle) may receive 
high ionisation density over a considerable time. Similarly Auger emitters bound to DNA 
e.g. Ba-140, Cr-59, Zn-65 will produce short range low energy electrons which have a 
high LET and therefore a much higher propensity to effect damage. At present, the most 
usual employed model, that of the International Commission for Radiological Protection 
(ICRP) does not extend its weighting factors to any situation apart from the type of 
radiation and (illogically) Auger emitters are not weighted. Thus all electrons are 
assumed to have the same ability to cause fixed mutations regardless of the energy or 
origin or location with regard to the DNA target. 
On the other hand, the recent model of the European Committee on Radiation Risk 
(ECRR2003) addresses this problem in a pragmatic way by the use of new weighting 
factors which make allowance for both biophysical and biochemical considerations. 
 It is clear that ionisation density is a factor in any condideration of the relation 
between exposure and health. What I wish to deal with here is a hitherto entirely 
overlooked source of high local dose. This is the conversion of high energy low LET 
gamma rays to high LET and high ionisation density short range local photoelectrons by 
metal and metal oxide particles of high atomic number Z. There have been recently a 
number of situations where populations have been subjected to internal contamination by 
particles of Uranium Oxide, produced as a result of the use of Depleted Uranium 
weapons. In addition, Plutonium Oxide particles, originating form Sellafield and bound 
into sediment are inhaled by those living near the Irish Sea through sea-to-land transfer. 
There is considerable argument about the theoretical risk from such particles with the two 
sides of the debate falling roughly between the risk models of the ECRR (which argues 
that local dose is the critical factor) and the ICRP (which dilute the decay energy into 
entire organs with the result hat, conventionally expressed, the doses are vanishingly 
small). The position of governments and the military have been, naturally enough, to 
justify their use of DU or the contamination of the Irsih Sea. In both instances, very real 
evidence of increases in cancer and leukaemia have been discounted on the basis that the 
doses are too low. This assumes the ICRP dose in which the particle emissions are diluted 
into very considerable tissue masses, in the case of the Sellafield child leukemias, some 
several kilograms even though the plutonium particles are mostly trapped in the 
Tracheobronchial Lympoh Nodes. (COMARE 1996). Recently, the Royal Society 
considered the issue of DU particles and reported: like COMARE, the RS (unsurprisingly 
since many members of the RS committee had also been members of COMARE) also 
took the ICRP position as axiomatic and concluded that DU exposure was relatively 
harmless from the radiogical point of view (Royal Society 2002) However, in this, as in 
all reseach previous to it, the possible role of the focusing of Natural Background 
Radiation into local hot spots of photoelectrons in the body close to particles of DU 
appear to have been overlooked. The effect that I will propose should also occur near 
other metal particles, its magnitude depending only on their atomic number Z and will 



roughly vary with the fourth power of Z. This may be of interest to those who have metal 
particles inside their bodies from other sources e.g. prosthesis erosion.  
 
Photoelectron production by gamma rays. 
Gamma rays and X-rays interact with matter primarily through three processes: 
photoelectric absorption, Compton scattering and pair production. In the photoelectric 
effect, a photon is absorbed by an atom and one of the atomic electrons, known in this 
case as a photoelectron, is released. In the photoelectric effect, a photon is absorbed by an 
atom and one of the atomic electrons is released as a photoelectron with energy equal to 
the difference between the incident photon energy and the binding energy of the electron 
.  
    E = Eγ −φ 
 
The probability for photoelectric conversion of incident gamma and X-ray photons is 
difficult to calculate but from experimental work a number of features are known: 

• It is most significant for low energy photons below 200keV 
• It increases rapidly as the fourth power of the atomic number, Z4. 
• It increases rapidly with decreasing photon energy, roughly as Eγ

3. 
• There are discontinuities at energies corresponding to the binding energies of 

particular shells.  
 
Calculations of absorbed dose from ambient photon fields (X-rays, cosmic rays, gamma 
rays) assume tissue absorbance and extinction functions based on biological materials, 
mainly water. Thus the mean annual external doses to members of the public from all 
external sources and averaged over all photon energies is usually given as between 1 and 
2 mGy. These doses are based on calculations of mean absorption of energy of all 
wavelengths (energies) from incident external photon fields by what is essentially a bag 
of water. Thus the absorption coefficient of the incident gamma or X-radiation use to 
calculate absorbed dose by risk agencies for the purpose of examining radiation risk is 
essentially that if water, H2O.  The physical laws of absorption of gamma and X-ray 
photons by matter have the same form as Lamberts law, that is to say, for monochromatic 
photons incident intensity I0: 
     

 logeI/I0 = -μx 
 
The linear absorption coefficient μ  is a constant for a given absorber material and 
gamma ray photon energy and has unuts of reciprocal length (cm-1). It is, however 
dependent on the state of the absorber or number of atoms per cubic centimetre. The mass 
attenuation coefficient μm is however independent of the state of the absorber material 
and is defined as: 
 

μ = μmρ 
 

in other words (and quite reasonably) the absorbance increases with density of absorber. 
It also decreases with photon energy, sharply below 50keV. The values of the absorption 



coefficients have been measured for most materials and appropriate half-depths for 
penetration are also known or can be calculated from the coefficients. The relationship 
between the mass attenuation coefficients at various photon energy for Uranium-138 and 
skeletal muscle is given in Table1. 
 
Table 1. Photon mass attenuation coefficients μm and attenuation coefficients (absorption 
coefficients) μ for different selected photon energies compared for Uranium and skeletal 
tissue (ICRU44). [Hubbell JH and Seltzer SM Ionizing Radiation Division, NIST 
Gaithersburg MD 20899 1989] 
 
Energy 
(keV) 

μm  Uranium μm  muscle μ Uranium μ muscle Ratio μ: 
U/muscle 

2 1900 500 36100 500 72.2 
4 1300 70 24700 70 352 
10 200 5 3800 5 760 
20 70 (65) 0.8 (0.6) 1330 (1235) 0.8 (0.6) 1662 (2058) 
50 10 (9) 0.2(0.05) 190 (171) 0.2 (0.05) 950 (3420) 
100 1.3 (0.8) 0.15 (0.03) 24.7 (15.2) 0.15 

(0.03) 
164 (506) 

200 1.3 (0.8) 0.13 (0.03) 24.7 (15.2) 0.13 
(0.03) 

190 (506) 

 
For energies below 200keV and for elements of high atomic number i.e. above about 30, 
almost all the absorbed energy is converted into photoelectrons. This is not entirely true 
above energies greater than 50 keV where there are some losses due to radiative effects 
which result in some loss of energy to e.g.fluorescence. Use of the photon mass 
absorption coefficient overcomes these problems and values for these are given in 
brackets where thy are different from the attenuation coefficients. 
 These photoelectrons have the energy of the incident photon less the binding 
energy or work function of the material. These work functions are very small compared 
with the the incident gamma energy. For example, the electron work functions of 
Uranium are3.6-2.8 eV and the release of photoelectrons from Uranium occurs in the 
visible region of the spectrum. (Sunlight will release such electrons and consequently 
charge up uranium particles in the environment, assisting their re-suspension and 
dispersion.) Therefore, for exposures to energies below 200keV there is a conversion of 
incident gamma radiation into photoelectrons which is between 200 and 1500 times more 
effective for Uranium than water. What about Uranium oxide?. By comparison with 
published data on Calcium and its salts, it would seem that the attenuation/energy 
relationship will be displaced by the ratio of densities of Uranium and the oxide. Thus the 
factors in Column 5 of Table 1 may be multiplied by 0.52. This gives a differential 
absorption of photons of between 200 and 1000 between uranium oxide particles and 
living tissue. What is the consequence of this for radiological protection? 
 
The range of photoelectrons in metal and in tissue.  
Electrons interact through Coulomb scattering from atomic electrons. They may travel at 
relativistic speeds but will suffer large deflection is collisions and will therefore follow 



erratic paths. A relationship for the energy loss per unit path length of electrons was 
obtained by Bethe in 1930 but because of the randon nature of the path the calculation of 
range is difficult, and so empirical data from monoenergetic electron beams must be 
used. It turns out that variation with the type of absorber is small, and so it is possible to 
obtain values for the range of electrons in tissue and in Uranium and Uranium Oxide for 
electrons of different energies. Some values are given in Table 2. 
 
Table 2. Approximate range in microns for Uranium,Uranium Oxide and living tissue for 
electrons of different energies. (Based on values in Krane 1988) 
  
Electron energy and 
example 

Uranium  
(ρ   = 19) 

Uranium Oxide 
(ρ   = 10) 

Tissue 
(ρ   = 1) 

500keV (Sr-90 β-particle) 26 50 500 
200keV photoelectron 13 25 250 
100keV photoelectron 5 9 90 
50keV photoelectron 2.1 4 40 
10 keV photoelectron/ 
Auger electron 

0.4 0.8 8 

Energies below 20keV may have much shorter ranges and ionisation per micron than 
CSDA approximation shown here suggests (see text). 
 
.These ranges in Table 2 may be compared with photon ranges for similar energy photons 
calculated from the absorption coefficients given in Table 1. These are given in Table 3 
where the 75% absorption ranges are calculated from the coefficients. 
 
Table 3 Penetration distance (cms) of 75% of photons of different energies in Uranium, 
Uranium Oxide and living tissue. (Half penetration depth = 0.693/μ; (Κrane 1988)).  
 
Photon energy  Uranium  

(ρ   = 19) 
cms 

Uranium Oxide 
(ρ   = 10) 
cms 

Tissue 
(ρ   = 1) 
cms 

*200keV  0.067 0.13 346 
*100keV  0.067 0.13 346 
50keV  0.006 (60μ) 0.012 21 
20keV 0.0008 (8μ) 0.0015 (15μ) 1.7 
10 keV  0.0003 (3μ) 0.0005 (5μ) 0.2 
 
 
From these considerations it is possible to propose two effects: 

1. That dense metal particles of high atomic number material will convert 
penetrating incident photon fields of between 20 and 200keV into short range 
photoelectrons some orders of magnitude more effectively that equivalent volume 
of tissue. The effect will also occur by conversion of photons from internal 
gamma emitting isotopes like Cs-137 where the effect could involve lower energy 
photons below 20keV and indeed, internal conversion of gamma photons from 



radioactive particles themselves. The initial energy of the photoelectrons will be 
equal to the photon energy less the binding energy of the electrons but this is a 
second order consideration: we can effectively assume no energy loss in this 
process. The effects will occur strongly for metals and dense metal oxide particles 
which are environmental contaminants for example Uranium oxide (DUO) and 
Plutonium Oxide. The effect should occur for non radioactive metal particles of 
moderate biological half-life trapped in tissue.g. platinum particles from 
catalysers, nickel particles from refineries, metal particles from wearing of 
prostheses etc. There will be a significant increase in the ionization density close 
to the particle caused by the presence of photoelectrons, particularly those with 
low energy.  

2. The efficiency of this ‘focusing effect’ of external incident background gamma, 
and lower energy re-scattered Compton radiation will decrease as the particle size 
increases. This is because internally generated photoelectrons themselves are 
absorbed by the material of the particle. Table 2 shows approximate relationship 
between range and energy for photoelectrons in Uranium and its oxide . What this 
suggests therefore is that only the smaller particles below a few microns will 
significantly contribute to the effect. Table 1 shows the range of photoelectrons of 
various energies in DU and in water.  This suggests that for photoelectron 
energies below 100keV, particle diameters greater than 5μ diameter will represent 
the threshold for the internal absorption of a significant fraction of photoelectrons. 
On the other hand, energy density of slow electrons in tissue near the surface of 
such a particle should be large, owing to the emergence of photoelectrons whose 
energy has been lost through collision inside the matrix of the particle. Such slow 
electrons will be highly ionising and will contribute to a high ionisation region in 
the vicinity of the particle. 

 
There are two other relevant considerations The first is the energy spectrum of the 
natural background photon field. The second is the variation in overall dose from this 
effect due to the relation between the number of particles with particle size at constant 
contamination levels. 

 
The photon energy dispersion of the natural background radiation field. 
We live in a radioactive environment. As far as the external gamma photon field is 
concerned, the photon energy intensity spectrum rises sharply in the low energy region. 
Fig1 shows a background low resolution energy spectrum obtained by these laboratories 
near Bristol in 2002. 
 Integration of the countrate per channel over the energy spectrum shows that 
about 50% of the total counts lie below 200keV, 38% between 200 and 500keV and only 
12% above 500keV. Thus we are exposed mainly to low energy photons below 200keV, 
and of these, as can be seen in Fig 1, the skew is strongly to lower energies. Fully a third 
of overall absorption is due to photons with energies below 100keV and a quarter of the 
dose is due to photons with energies below 50keV 
 The mean natural background gamma dose is measured by tissue equivalent 
proportional counters as between 20-50nGy/hr in most areas of the UK (except near high 



granite areas like Dartmoor). This gives 0.175-0.438 mSv per annum due to the external 
gamma background.  
 These photons are sufficiently penetrating to pass through tissue but will 
nevertheless be absorbed by metal oxide particles to a high degree. For particles smaller 
than a few microns diameter, the energy will be quantitatively converted to 
photoelectrons and the range of these will be from 0 – 250μ  depending on the particle 
size. In other words, since the mean absorption of gamma photons of 50keV is about 500 
times more likely for DU than tissue, the dose to the particle in the 20-50nGy/hr natural 
background field (allowing for the fraction of the field in this range) will be between 
2500 and 6,000nGy/hr (22 and 55mSv per annum). This extra energy will be converted 
into photoelectrons with ranges up to 25 microns (Table 2) for particles of diameter less 
than 5 microns and various shorter ranges for larger particles up to about 10 microns. The 
ionisation density will increase rapidly near the surface of the metal particle due to loss of 
energy in photoelectrons generated within the mass of the particle. 

    
Fig 1 Natural background gamma radiation spectrum obtained using a 2" NaI (Tl) 
detector near Bristol in 2002. 1000second count period. (Green Audit) 
 

We can make some calculations based on DU particles of different diameters and 
the conversion of incident photons of various energies to examine the ionization range 
relationship of the conversion process. There are three variables involved: particle 
diameter, incident gamma energy and position within the particle where the decay occurs 
to obtain the spectrum of energy distribution in the tissue close to the particle. Because 
the photoelectron can move in any direction from its origin, the problem is 



mathematically intransigent. If we reduce its complexity by assuming that radiologically 
relevant decays occur in the surface layer of the metal particle of depth equal to equal to 
half the photoelectron range it is possible to develop a relationship between particle size 
and the efficiency of the effect. But the conclusion we draw with regard to the natural 
background gamma field is that it is mostly composed of low energy photons, and so will 
be absorbed by metal particles of high Z in which it will induce low energy 
photoelectrons which will cause dense ionisation in tissue close to the particle.  
 
Particle considerations: exposure to warm particles. 
This photoelectric conversion effect occurs for small particles of high atomic number Z. 
The main source of dense high-Z particles in tissue is inhalation. It has been established, 
with regard to Uranium Oxide DU particles that for particle diameters larger than 10μ 
there is little transfer from the lungs to the lymphatic system. However, for particles 
below 2 μ there is some transport from the lungs to the lymphatic system and from there, 
in principle to any part of the body. Partcles smaller than 0.5μ seem to be freely mobile. 
Plutonium and Uranium concentrate in lymph nodes, particularly the tracheobroncial 
lymph nodes [Popplewell, 1987] and so the photoelectric conversion of natural 
background gamma radiation is of radiological interest for this range of particle sizes, 
particularly where there are possibilities due to  clumps of particles for multiple 
scattering and re-absorption (e.g. in lymph nodes). The biological consequences of 
exposure to radioactive hot particles has been a source of interest and dispute sine the 
mid 1970s when Tamplin drew attention to the possibility that plutonium particles had a 
theoretical enhanced ability to cause cancer owing to the very high doses to local tissue. 
The consequences of exposure to hot particles has been recently reviewed by Charles 
(2003) who concluded that although evidence was mixed, these exposures seemed to 
have no greater ability to induce cancer since a great deal of the energy was lost inside 
the particle and also lost as a result of cell killing due to the very high local doses (energy 
per unit mass of tissue). Other authors have pointed out that for radial radiation doses 
from a hot particle, there is likely to exist three regions. The closest region receives a 
high dose and the cells are killed. The intermediate annulus region receives a dose in the 
range where mutation is likely (as I would argue, through second event and other effects) 
and the final region is one where the dose is too low to cause any appreciable effect. The 
overall effect is the sum of these three components and if the losses of mutation due to 
cell death outweighs the gains from the weaker doses then there will be no overall effect. 
Little however is known about the cancer causing effects of particles which produce less 
ionisation or lower doses, which I will refer to as warm particles. For these, there will be 
little cell killing and a great deal of cell mutation.  
 What emerges from the present arguments is that intrinsic radioactivity is not a 
requirement . In the case of Depleted Uranium particles, which are formed in battlefield 
conditions and have a mean diameters below 1μ, the arguments for their safety have 
depended on the weak radioactivity of U-238. This is not strictly accurate since such 
particles do have alpha and beta activity and in a year may cause significant doses to 
local tissue. However, what has been missed, is that owing to the high atomic number of 
Uranium (Z=92) the focusing of natural background radiation will be highly efficient for 
this size of particle since there will be little self absorption of the photoelectrons and any 



such self absorption will result in enhanced dose cloise to the particle surface owing to 
slowing of the photoelectrons.  
 If 5mg of DU were inhaled and transferred to the lymphatic system, the dose from 
this to the lymphatic system can be calculated using the normal ICRP model which 
involves energy per unit mass. On the other hand, we can also calculate the dose to the 
tissue within the 30μ range of the alpha particle decays for different particle sizes. Table 
4 reports results for a 2μ dameter particle and compares the ICRP and local doses. Table 
5 shows the fall-off in effect as the partice size reduces. The number of particles resulting 
from complete conversion of 5mg DU is given in Table 6. For 10keV photoelectrons, the 
0.15μ surface layer represents the electron stopping distance in the particle and therefore 
for the particles of above 1μ, the photoelectrons produced by gamma conversion of lower 
natural background will be absorbed significantly by the particle.  
 
Table 4. Doses to local tissue within 30μ range of a 2 micrometer diameter particle of 
DU compared with doses calculated using the ICRP model and an NRPB version of it. 
 
 Value Comment 
Uranium oxide U3O8   
Density 8.6  
Decay energy/Bq 4.45MeV = 7.12 x 10-13J  
Particle diameter 2μ (2 x 10-4cm) Common size 
U-238 mass in particle 3.05 x 10-11g  
Particle activity 3.79 x 10-7 Bq  
Mass of 30μ radius sphere 
of tissue (ρ = 1) 

1.13 x 10-10kg  

Dose to this tissue per Bq 6.3mGy  
Equivalent dose  126mGy  
Hits to tissue per day 0.03 11 hits per year 
Equivalent dose to this 
tissue per day 

4.12mSv Or 1500mSv per year 

NRPB calculated 
equivalent dose to 
'lymphatic system' per day 

5.8 x 10-11mSv *Assumes 8kg  
or 2.1 x 10-8mSv per year 

ICRP calculated 
equivalent dose to 
'lymphatic system' per day. 

5.8 x 10-10mSv **Assumes lymphatic 
system as 800g (ICRP) 
2.1 x 10-7mSv per year 

ICRP calculated dose to 
tracheobronchial lymph 
nodes per day 

3.1 x 10-8mSv **TBN Mass = 15g 
1.1 x 10-5 mSv per year 

*for lymphatic system modelled as lymph nodes, liver, spleen, kidneys, pancreas, uterus, 
thymus, thyroid, stomach, both intestines, colon, red bone marrow and cells on bone 
surfaces [NRPB, 1995] 
** values from ICRP standard man [ICRP23, 1975] 
 



 For particle diameters below 1μ it is clear from Table 5 that the dose from 
intrinsic radioactivity from alpha decay begins to approach the mean natural background 
level. For a 1μ particle there are only about three decays per year on average . However, 
the enhanced local dose from photoelectric conversion of natural background begins to 
represent a significant effect for these smaller particles. 
 
What is the dose and where is it concentrated? 
 
Table 5 DU particle doses to sphere of tissue 30 micron radius by one particle of U3O8 of 
various diameters. (Exponent notation used thus 2E-6 is 2 x 10-6) 
 
 
Particle 
diameter 
microns 

Particle 
volume 
cm3 

Mass  
U3O8 (g) 

Mass 
U238 (g) 

Activity of 
particle 
(Bq) 

Hits /day 
(dose 
mSv) 

Hits/year 
(annual 
dose mSv) 

0.2 4.2 E-15 3.6E-14 3.06E-14 3.8E-10 3.3E-5 
(3.9E-
3mSv) 

0.012 
(1.44mSv) 

0.5 6.5E-14 5.6E-13 4.8E-13 5.9E-9 5E-4 
(0.06mSv) 

0.18 
(22mSv) 

1 5.2E-13 4.3E-12 3.7E-12 8.8E-8 7.6E-3 
(0.9mSv) 

2.7 
(332mSv) 

2 4E-12 3.5E-11 2.9E-11 3.6E-7 0.03 
(3.7mSv) 

11.4 
(1358mSv) 

5 6.5E-11 5.6E-10 4.75E-10 5.9E-6 0.5 
(60mSv) 

185  
(21.9 Sv)) 

 
  
Table 6 The number of particles of various diameters that can be obtained from 5mg of 
DU oxide tohether with the fraction of their overall mass contained in a surface layer 
0.15μ deep. 
 
Particle diameter Number of particles Fraction of total mass in 

surface 0.15μ layer 
0.1 1.19 E+11 1 
0.5 1.18 E+9 0.67 
1 1.19 E+8 0.39 
2 1.5 E+7 0.21 
5 9.6 E+5 0.09 
 



There is a situation in which, as a consequence of contamination, there exists in the 
organism regions of tissue which contain dispersed dense Uranium and Plutonium Oxide 
particles. These particles which have a range of diameters from 0.05 to 2 microns are all 
much larger than the incident wavelength of the external radiation field and may thus be 
treated as independent absorbers and scatterers. Such a situation may have important 
consequences for radiation protection for two reasons. The first follows from the fact that 
a medium containing scattering particles with a greater complex refractive index than 
itself may be shown to behave as a new medium with an extinction coefficient increased 
by the presence of the particles. The absorbance is a consequence of both absorption by 
the particles and scattering in all directions of the incident radiation. 
 
    Q(total) = Q(Scatter) + Q(Absorb) 
 
The result of the scattering is that the effective path length of radiation in the medium 
may have increased in which case the total absorption of energy by the medium must also 
increase. The partitioning of extinction between absorption by the particles and by the 
medium is calculated for each case on the basis of the refractive index of the particle 
material (which may be complex), the concentration of particles in the medium, the 
particle size, and the wavelength of the incident field. 
 Radiation absorbed by the particles is not available for absorption by the medium. 
However, for ionising radiation, such absorption results in secondary releases of scattered 
radiation which for elements of high atomic number and for incidenct gamma fields of 
lower than 200keV results almost exclusively in photoelectron stimulation. This will give 
rise to increases in ionisation density in the immediate vicinity of the particle and thus 
high tissue dose local to the particle. Metal particles have been associated with cancer 
since the discovery of nasal cancer in workers exposed to nickel fumes. For radioactive 
particles these effects are most significant in the case of internal depleted uranium DU 
which, because of the long half life of U-238 have the largest particle concentration per 
unit ICRP absorbed dose. Uranium has a very low photoelectric work function which 
means that electrons are emitted from the surfaces of Uranium and its salts very easily, 
even at optical frequencies, hence the use of Uranium salts in photography. Uranium 
photoelectrons may thus also be emitted from DU particles following absorption of 
scattered components of X-ray fields, bremsstrahlung and other incident fields of low 
photon energy. 
 Such effects may have important consequences for radiation protection and for 
the understanding of anomalous chromosome damage and possible ill health in those who 
have internalised DU particles. A tissue loading of 5mg represents about 109 particles of 
DU oxide of diameter 1μ.  
 This idrea is amenable to simple experiemental proof and could be investigated by 
examining the effects of adding gold particles to a standard radiation cell assay. 
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Abstract 
I recently drew attention to the enhancement of ionisation density near Uranium and 
other metal or metal oxide particles of high atomic number through conversion of 
incident gamma radiation into local photoelectrons (Busby 2005). Here I focus on 
molecular and ionic binding of Uranium to DNA and argue that for modest 
concentrations of Uranium in tissue the predominant component of absorbed dose to the 
contaminated DNA with regard to absorption of radiation energy from the incident 
natural background gamma and X-ray field is the energy absorbed by Uranium , and not 
by organic DNA. Absorption of the incident field occurs in the ratio of the fourth power 
of the atomic number. If we take the effective atomic number of DNA to be that of a 
weighted mean of 5.4 based on the C,N,O,H and P components then the ratio of the 
fourth power of this value to that of Uranium is 8.4 x 105. Calculation based on the mean 
quantity of DNAP (phosphate) per cell shows that if the DNAP is considered as an organ 
of the body, at modest levels of Uranium contamination and taking into consideration 
ionisation density effects, the absorbed dose to this organ becomes quickly dominated by 
the absorption of gamma and X-ray fields by chemically bound Uranium atoms (Uranyl 
ions) at the low levels of contamination found in populations exposed to Depleted 
Uranium weapons.  The damage to the DNA is a consequence of the conversion of the 
low end quantum energy components (including rescattered bremsstrahlung and 
Compton fields) as short range, highly ionising photoelectrons. This process may explain 
the widely reported anomalous genotoxicity of Uranium and its effects of cells in vitro 
which seem to represent an anomalous response to the intrinsic alpha and beta-
radioactivity of U-238. The likely distribution of uranium in the brain may also explain 
some of the paradoxical symptoms reported by exposed individuals. This process may 
also be the explanation for the highly genotoxic effects of other bound high atomic 
number elements (e.g. therapeutic platinum complexes) or indeed the source of some 
catalytic behaviour. Finally, I speculate about the association between anthropogenically 
increased levels of uranium and increases in rates of childhood leukaemia observed this 
century. 
 
Keywords: ionising radiation, health, dose, photoelectron, DNA, uranium, leukemia 
 
Introduction 
I recently drew attention to the possible enhancement of ionisation density in the 
immediate vicinity of sub- micron sized particles of Uranium Oxide and indeed near any 



sub-micron particles of elements of high atomic number (Busby 2005). The mechanism 
for this effect was based on the well-known fourth power relationship between absorption 
of gamma photons (including rescattered bremsstrahlung and Compton X-ray field 
photons) and atomic number (see Krane, 1988), which has as its basis the density of 
electrons/ number of electrons per atom available for interaction with the field. I pointed 
out that for elements of high atomic number and for photon energy below about 250keV 
the predominant process for dissipation of energy was photoelectron production and that, 
as a consequence, the tissue close to Uranium Oxide particles of less than 1 micron 
diameter would be exposed to high concentrations of low energy, short range 
photoelectrons, resulting in high ionisation density. In other words, uranium in the body 
will intercept gamma radiation which would otherwise pass through the body and cause 
little ionisation and convert the intercepted energy into short range photoelectrons which 
will damage local tissue. This is an enhancement of the biological effectiveness of 
gamma and X-radiation caused by elements of high atomic number.  
 It is now universally conceded that the radiobiological effects are a function 
primarily of ionisation density and not the more usual averaged quantity 'Absorbed Dose' 
employed in radiation protection. Indeed, the International Commission on Radiological 
Protection (ICRP) and the UK Committee Examining Radiation Risk for Internal 
Emitters (CERRIE) have both made this quite clear in recent reports (CERRIE 2004, 
CERRIE Minority 2004, ICRP 2005 draft). This idea of considering the ionisation 
density due to enhanced photon conversion to photoelectrons is not confined to particles, 
but may be examined with regard to any elements of high atomic number which have 
significant affinity for DNA phosphate.  
 It has been known for some time that Uranium binds strongly to DNA phosphate 
as uranyl ion UO2

++ [Nielsen et al, 1992, Zobel and Beer 1961, Constaninescu et al 1974, 
Huxley and Zubay, 1961]. In 1961 Zobel and Beer examined uranium affinity with DNA 
with regard to its utility as an electron microscope staining material and showed that the 
affinity of uranyl for DNA was significantly lower than its affinity for protein (using 
serum albumen as a model). This suggests that uranyl in the cell will be on the DNA 
rather than in the cytoplasm. Huxley and Zubay 1961 reported that uranyl acetate or an 
ion derived from it can combine with nucleic acid in amounts sufficient to increase the 
dry weight of the DNA by a factor of 2. 
The reaction can be written: 
   UO2

++ + DNAP = DNAP--UO2
For which the affinity constant Ka can be written: 
 
  Ka =  [DNAP--UO2]/ [UO2

++][DNAP] 
 
The affinity constant determined by Nielsen et al 1992 was of the order of 1010 at pH 
values below 5 with binding of one uranyl ion to every two phosphate moieties. This 
would give half saturation of DNAP at concentrations of uranyl of about 10 -10 M, which 
for uranium represents a cell concentration of 2.38 x 10-11g/g. This is 0.0238ng/g or 
23ng/litre, at the lower end of urine uranium concentrations that have been reported in 
those exposed to depleted uranium weapons.  At higher pH's the amount of uranyl 
significantly increased to two ions per phosphate although the affinity constant decreased 
due to competition with polynuclear complexation reactions. That binding to DNA was 



greater than to the powerful chelating agent citrate ion was shown by Nielsen et al 1992 
using their discovery that uranyl induced photochemical single strand breakage in the 
DNA following irradiation with low photon energy visible light (420nm) and determining 
the concentrations of citrate necessary to inhibit the cleavage in calf thymus DNA. This 
observation of Nielsen et al 1992 that uranyl catalyses photochemical cleavage of DNA is 
clear evidence of a photoelectron effect, in this case, generated by visible light. The 
photoelectron threshold (ionisation potential/ work function) for Uranium is low: the 
material has been used for photography. However, photoelectron effects will clearly also 
be present in any substance of high atomic number given sufficient ionisation energy. 
This obviously has implications for the effects of ionising radiation on DNA, which is 
now universally believed to be the main target for radiation induced mutation effects and 
subsequent ill health. 
 
Uranium enhancement of DNA absorption of ionising radiation  
 I begin by defining a new organ of the body, the DNA. Thus all DNAP in the 
body is considered as a single organ. It is now well accepted that DNA is the main target 
for radiobiological effects and Auger studies have shown that increasing the ionisation 
density close to the DNA results in very large enhancements of damage relative to the 
average cellular absorbed dose or relative to equivalent decays in the cytoplasm (Sastry et 
al, 1988, Kassis et al, 1988, Hofer 1998) 
 ICRP models concede the importance of ionisation density through weighting 
factors which are applied to types of radiation, e.g. alpha decays carry a multiplier of 20-, 
though, interestingly, ICRP ignore Auger effects. My interest is the absorption of energy 
in the new hypothetical DNA organ in the presence and absence of bound Uranium. 
I take the chemical formula of DNAP, based on a single CGAU unit to be C37 H34 
N15O25P4. Using a weighted average approach, the weighted average atomic number of 
this unit is 5.4. The atomic number of U-238 is 92. The ratio of these two numbers, each 
raised to the forth power is 8.4 x 105. This approximately represents the relative 
absorption of incident gamma and X-ray photons for any source by DNA and the 
Uranium atom. 
 The fraction of DNAP in tissue varies from tissue to tissue. Table 1 below gives 
results for standard man taken from ICRP23 (1975) 
 
Table 1 DNAP in human tissues (ICRP 23, 1975) 
 
Tissue DNAP μg/g 
Adipose 250 
Liver 100 
Skin 25 
Red bone marrow 120 
Muscle 20 
Spleen 310 
Stomach 130 
 
I will take the value to be 100 μg/g. This enables me to examine the doses to the 
hypothetical DNA organ in the presence and absence of uranium. 



 
Absorbed dose is represented as energy per unit mass so for the DNA organ in the 
absence of uranium this can be written : 
   Dose = J1 / MDNA
But in the presence of uranium there is additional absorption due to the extra absorption 
of energy by the uranium; this absorption is enhanced by the Z4 factor of 8.5 x 105. To 
calculate the magnitude of this component we need to know how much uranium is on the 
DNA under the conditions of the contamination. For the situation of exposure to depleted 
uranium weapons, the Royal Society made calculations of doses which we may use as an 
approximation. From Annex D of the Royal Society report we can take a conservative 
value of 0.1μg/g of kidney following exposure to 5mg of depleted uranium. This is given 
as a central estimate; the report allows for error and gives a worst case value of 0.4 μg/g. 
To continue we also need the proportion of DNAP in tissue, which I have taken to be 
100 μg/g. Therefore the proportion of uranyl to DNA, available in total (assuming 
quantitative complexation and all the uranium in the cell on the DNA) is clearly 1/1000 
or 0.1%.  
This added dose is therefore: 
   8.5 x 105 x 1 x 10 -3 J1= 850 J1
 
If all the uranium in tissue were on the DNA, and the tissue received an external 
background radiation dose of 1mSv due to external gamma radiation plus rescattered X-
ray and other photon doses originating in external background, the enhancement of effect 
would lead to the DNA organ receiving a dose (i.e. energy per unit mass) of about 
850mSv. Of course, all the uranium is not bound to the DNA; the amount that is bound 
has to be estimated from the affinity constant data (or preferably measured in animal 
experiments). Using the affinity constant of Nielsen et al 1992 of 1010 as a basis we can 
say that at a uranium concentration of 0.1 μg/g, where the molar concentration is 4.2 x 10 
-13 about 0.1% saturation of DNAP occurs. This would reduce the DNA enhanced dose to 
8.5mSv. However there are many approximations and unknowns in this calculation. In 
the Royal Society worst case the dose would be 34mSv, and where uranium particles are 
present in a cell or close to the DNA, the slow dissolution of the particles would give rise 
to relatively enormously higher cell concentrations of uranyl ion and consequent large 
doses of photoelectron induced ionisation.  
 Of course, I have made no allowance for the range of the photoelectrons and the 
position of the uranyl ion within the chromatin. I consider this to be a mathematically 
intractable problem since we do not know the spectrum of ranges of the photoelectrons. 
This would be a function of the incidence photon energy and the binding energy of the 
ejected electron. The ionisation density (which I have not at this stage weighted for 
ionisation density effects) would also depend upon the initial energy. In addition, I have 
made no attempt to calculate multiple scattering effects due to reabsorption of rescattered 
Compton photons or bremsstrahlung. Both of these would contribute to the DNA 
damage. It seems reasonable to assume that most of the ejected photoelectrons will cause 
ionisation within at least 50% of the chromatin, and so I balance the losses in the other 
50% against the ionisation density and other effects which I have ignored. The true 
enhancement factor must await experiment.   
 



 The effect will also be likely for any other high atomic number element bound to 
DNA in proportions given by the fourth power ratios in Table 2.  
 
Table 2. Fourth Power ratios between selected elements and effective atomic number of 
DNA Phosphate (DNAP) 
Element Fourth Power enhancement x 106

Uranium-92 0.84  
Thorium-90 0.77  
Bismuth-83 0.56 
Lead-82 0.53 
Gold-79 0.46 
Platinum-78 0.43 
Tungsten-74 0.35 
Caesium-55 0.1 
Palladium-46 0.05 
Cadmium-48 0.063 
Calcium-20 0.00018 
Sodium-11 0.000017 
 
 
Discussion 
Uranium effects on health have received considerable attention since the use of Depleted 
Uranium weapons in Gulf War 1, Bosnia, Kosovo, Afghanistan and Gulf War II. It is 
estimated that in Gulf War I some 350 tonnes of DU was left in the country mostly as 
dispersed and initially respirable sub-micron particles. The contamination of the areas 
where the DU was used and subsequent reports of ill health effects in local populations 
and also servicemen or peacekeepers and clean-up workers have been a source of 
considerable controversy. (e.g. Kuepker and Kraft 2004). The responses of the military 
and other official authorities have been based on the radiological modelling of the DU 
exposures by the ICRP model which assesses such exposures as if they were external 
irradiation (e.g. Royal Society 2001). I have already argued elsewhere that this model is 
unsafe for internal irradiation for various reasons and will not repeat these arguments 
here (CERRIE 2004, ECRR2003, Kuepker and Kraft 2004). However, the arguments 
maintaining the existence of real ill health effects in DU exposed populations have 
received support from some interesting directions apart from the direct epidemiology 
which shows increases in ill health in Gulf War veterans, Balkan peacekeepers and Iraqi 
adults and children. First, a group of military veterans have had chromosome tests carried 
out in Bremen which show significantly high fractions of Centric Ring and Dicentric (CR 
and DiC) chromosome aberrations in peripheral lymphocytes (Schroeder et al 2002). 
These levels of Centric Ring and Dicentric aberrations are consistent with prior radiation 
exposure and on the basis of aberration dosimetry imply external irradiation doses of 
150mSv (based on the regression analysis in the meta analysis carried out by Hoffmann 
and Schmitz-Feuerhake, 1999). 
 These veterans all had measured excess levels of DU in their urine although levels 
were quite modest. It seemed as if the low levels of Uranium were resulting in high levels 
of radiation exposure to the DNA resulting in chromosome damage. Conventional 



absorbed dose calculations would not predict any effect at the levels of concentration 
there seemed to be. However, similar high levels of chromosome aberrations were 
reported in Namibian open cast Uranium miners by Zaire et al in 1997. They found a 10-
fold excess DiC +CR proportion relative to controls in miners with between 200 and 
1500ng/l Uranium in urine. The external doses needed to produce this level of damage 
would be about 400mSv and yet the external doses reported by Zaire et al were 
1.8mSv/year. This is another anomaly that requires explanation and which we might see 
as support for the idea that there is an enhancement of biological dose from uranium. 
 In vitro studies with depleted Uranium were carried out by the team of Alexandra 
Miller (Miller et al 2002a, 2002b, 2004). They showed that the damage to DNA occurred 
without significant alpha particle decay under the conditions of their experiments. Thus 
there were effects that would be expected from radiation exposure but no apparent 
radiation exposure i.e. from the intrinsic radiation from the uranium and daughter decays. 
They further showed that the effects were mediated by genomic instability. (Miller et al 
2002b). For particles, the effects were observed with Uranium and also Tungsten 
particles (which, on the basis of the photoelectron enhancement factor in Table 2 would 
also be expected to show activity). I interpret these results to suggest that molecular or 
ionic Uranium causes damage to DNA which appears to be the same as radiation damage 
but there is insufficient intrinsic radiation (from the physical decay of the U-238) to 
account for the magnitude of the effects. 
  I can look more closely at the conditions of Miller et al's experiments. In 1998 
they examined the effect to adding uranyl to give 10 - 250 μM concentration in a 
suspension containing 1 x 106 human osteoscarcoma cells in an assay that enabled them 
to score for cancerous transformations. At 10-5M the DNAP would be quite saturated 
according to the affinity constant of 10-10 we have used. Thus all the uranium is on the 
DNA. Indeed, the cell mass assuming 20μ  diameter is 4.4mg and the DNA mass at the 
ratio of 100μg/g is 0.4μg. This 0.4μg of DNA compares with a uranyl mass (M = 270) of 
between 2.7 and 67.5 mg/ml at the concentration of 10 - 250 μM used by Miller et al. The 
total quantity is not calculable since the volume to the Miller experiments systems are not 
given. However, we can say that the Miller experiments will have generally employed 
DNA which was fully saturated with uranyl, representing up to twice the mass of the 
DNA. 
 The normal background gamma dose rate was probably about 0.1μSv/hour and 
the experiments were conducted for 24 hours, so the total dose to the cells was 2.4 μSv. 
Since the enhancement of absorption due to the Z4 effect is 8.4 x 105 the absorbed dose in 
the uranyl is about 2.4 x 10-6 x 8.4 x 105  or 2.016Sv, probably quite enough to kill a 
significant fraction of the cells and cause transformation in survivors. At a concentration 
of 250 μM the photoelectron dose is 50Sv.This is not to argue that there is no chemical 
transformation effect, but it seems that the enhanced photoelectron dose is sufficient to 
account for the observations on its own. Miller makes the point that no significant alpha 
decay occurs; but none is needed. The effect is still a radiation-induced one. 
 The health effects associated with exposure to Uranium have been reviewed 
recently by Craft et al., 2004. They list a wide range of symptoms including the more 
common ones related to nephrotoxicity and carcinogenicity, DNA damage effects, bone 
and musculoskeletal toxicity, reproductive toxicity, pulmonary toxicity, gastrointestinal, 
hepatic, ocular, haematological, cardiovascular, dermal toxicity and immunosuppression. 



Indeed, the symptoms listed as having been reported in studies of Uranium exposure are 
very similar to those reported by survivors of Hiroshima and also Chernobyl affected 
populations (see ECRR2003, CERRIE Minority report 2004 and references therein).  
 I predict that the effect will occur in all cases where there are high atomic number 
elements bound to DNA. This may explain the genotoxic effects of the platinum 
chelation complexes developed as anti-cancer drugs. It may also have implications for 
heavy metal toxicity generally and indeed may explain some of the catalytic activity of 
high atomic number inert metals (Pt, Pd). The idea is certainly easy to examine since the 
genotoxic effects of Uranium in vitro will be a function of parallel external gamma 
exposure. Finally, Gulf War veterans have complained of a wide range of physical and 
neurological symptoms. The affinity of uranyl to sites where Calcium binding occurs will 
no doubt result in the concentration of the element in the pineal gland in the centre of the 
brain, an organ which has an extremely high calcium content. The resultant induced 
photoelectron damage following the uranium conversion I have discussed will occur in 
the lower brain and such damage may explain the unusual spectrum of specific conditions 
reported by the veterans. In addition, Tracz in 1997 showed that uranyl also binds to 
paired helical filaments in nerve tissue and may contribute to corticobasal degeneration. 
This may also support the causal connection between the neurological brainstem 
conditions described by the Gulf War veterans and investigated by Chaney 2001 and 
exposure to Depleted Uranium. 
 If the hypothesised amplification effects produced by uranium are real, then they 
provide an explanation for many environmental health observations. One of the most 
interesting has been the increase in the present century of the incidence of childhood 
leukaemia. It was pointed out by Bramhall (Busby 2002) that there is a very significant 
association between world radium (and therefore Uranium) production and child 
leukaemia incidence. Uranium contamination of the biosphere has been increasing in the 
last hundred years as a result of many human activities, from nuclear power and weapons 
associated processes to widespread use of uranium rich phosphate fertilisers. The affinity 
for DNA will place a significant amount of uranium in the bone marrow, where it will 
amplify external gamma radiation. Therefore outcome will be a function of both external 
dose (or intrinsic dose from radioactive substances) but also rescattered doses from the 
photoelectron conversions. 
 To repeat what I stated earlier: the idea is easily amenable to experimental proof. 
The effects observed by Miller et al for uranium (2002) and particles (2004) would be 
dependent upon external gamma and X-ray doses and would increase with the lowering 
of the photon energy. 
 Finally, a referee has pointed out that I have not considered the interaction 
between the photoelectrons and tissue. This is a complex matter and depends upon the 
energy spectrum of the incident gamma field; however the photoelectron range will be an 
inverse cube reflecting the normal energy spectrum of natural background gamma and 
this means that most of the electrons will be short range and will cause high LET effects 
(ionisation/ free radicals). Furthermore, the uranium atom will become positively charged 
and will extract an electron from local molecules. This makes it a general electron 
abstracting catalytic focus as it can endlessly cycle through photoelectric ionisation and 
electron abstraction from the DNA. This is probably the mechanism of the uranyl ion 
DNA strand breaking mutagenesis at optical frequencies found by Nielsen et al 1993.  



The general overall effect will of course be a product of the uranium contamination levels 
and the natural gamma background. 
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