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Gamma-ray and X-ray Irradiator Depth 
Dose Comparison – It’s Not Just About 

Energy Spectra



X-ray & Gamma-ray Irradiator Technical 
Design and Performance Differences

1. Uniformity of dose across samples of 
significant mass (>10 grams or >5 mm thickness)

2. Sample throughput (volume per time)

3. Results per Gy delivered (RBE for biological 
systems)

We will cover #1 only. However, this discussion 
requires that we also cover dose error budgets and dose 
measurement uncertainty.
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Points To Communicate

Determining technical equivalency of a gamma-ray and X-ray 
irradiator eventually comes down to comparing dose delivery 
numbers.  

What magnitude of difference is acceptable to you?

The first and perhaps most important question you should ask 
yourself is “What is my dose error budget or dose error 
tolerance for my applications?” ±5%? ±10%? ±30%? 

In order to answer this question it would be helpful to know what 
your approximate uncertainty is in the delivered dose to 
samples/specimens using your existing gamma-ray irradiator**. 

One main component of this uncertainty is the non-uniformity of 
dose across your samples/specimens (depth dose curve).

The fact that the geometry of the source and irradiation setup 
can counter much of the differences due to radiation energy!
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What does your dose data look like? Degree of precision?  
Impact on comparing Gamma-ray and X-ray irradiators?



Consistency or Precision of Dose Data is Most Important, 
But Accuracy is Important Too!  
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Depth Dose Curve Comparison for Cs-137 and X-ray 
Irradiators – What Does it Tell Us?
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Need Accurate Data and Associated  Uncertainty!

My experience indicates that there are many applications for which X-
rays can provide sufficient equivalency to gamma-rays in technical 
performance.

However, I also know that in order to be able to determine if there is 
sufficient equivalency a person must have accurate information or 
data for specific dosimetry parameters, especially depth dose 
curves.

One can determine this data is accurate only if uncertainty or error 
values accompany the data.

These dose uncertainty values can be used by the irradiator 
user/researcher to determine whether they are an acceptable level for 
their applications.

Although irradiator manufacturers sometimes provide the 
uncertainties associated with the dose rate in air at a certain point, 
they do not always provide the uncertainty in dose received at 
various depths in a standard mass such as water or tissue. 
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Main Technical Design & Performance Metrics

1. Uniformity of Dose Across Samples (Min-to-Max dose 
ratio, 2-D depth dose curve, 3-D dose distribution):

 Effective Energy (Impacts penetration depth and RBE)

 Field Geometry (Point source, line source, planar source, 
collimated, beam size?)

 Chamber Size (Impacts sample distance from source, 
sample size and quantity, and scatter)

 Radiation Scatter (Lower energy)

 Uniformity of Radiation Field In Air at irradiation location 
(Combination of field geometry and scatter)
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Field Geometry & Chamber Size
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Irradiator Effective

Energy

Source

Geometry

Chamber

Size

GammaCell 3000 Cs-137 irradiator 662 keV line source

No collimation

0.084 ft.3 

JL Shepherd Model 68-A Cs-137 irradiator 662 keV line source

No collimation

1.6 ft.3

RadSource Model RS2000 X-ray irradiator 160 keV max

~110 keV mean

point source 

semi-collimated

2.5 ft.3

Precision X-Ray Model XRAD-320 

irradiator

320 keV max

~225 keV mean

point source

semi-collimated

~20 ft.3

StellaRay flat panel X-ray 160 keV max

~110 keV mean

~4” x 12” planar 

source

?



Radiation Scatter

Is separate from the primary beam, and generated from 
chamber walls. Amount depends on energy spectra, 
chamber sizes, and type of wall material. 

The higher the magnitude of low-energy scatter, the more 
it will impact the dose to the shallow depths of the 
sample(s) and contribute to dose non-uniformity.
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User’s Dose Error Budget – the First Question?

In order for anyone to solidly conclude that a particular X-
ray irradiator type can replace their particular Cs-137 or Co-
60 irradiator, they need to decide on the level of uncertainty 
they are willing to tolerate in the dose received by the 
limiting sample to be irradiated (usually the largest physical 
size or most sensitive to dose).

This is commonly referred to as the dose error budget, but 
the more accurate term is uncertainty budget. 

Some applications may tolerate +/- 20% in the delivered 
dose or non-uniformity in dose across a specimen, but 
some perhaps only +/- 5% (like when generating steep 
dose response curves for bone marrow). 
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User’s Dose Error Budget - continued

Then compare your determined dose error budgets to the 
estimated uncertainty associated with dose to 
representative samples within the X-ray irradiator model 
being considered. 

Such dose uncertainty data for X-ray devices should be 
available via literature search or device manufacture
(Calculating approximate dose uncertainty values for 
common samples or specimens is not difficult!)

A critical component of this uncertainty is the difference in 
depth dose curves for the X-ray and gamma-ray 
irradiators in question, using water- or tissue-equivalent 
material of a size that roughly approximates your 
application.  
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Do You Make Good Attempts to Minimize Your Uncertainty 

in the Delivered Dose and the Measured Endpoint?
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“Data is data…I’m not focused on 

minimizing the uncertainties”

However, ignoring errors/uncertainties can lead to problems!



Large Contributors to Dose Measurement Error 
for Gamma-ray or X-ray
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Main Sources of Error 

in Delivered Dose to Specimen

Potential Magnitude of Uncertainty

at ~95% Confidence Level

Calibration of detector used for measurements 3-10%

Detector wall thickness much greater than needed 

for CPE

2% for gamma-ray and 5% for X-ray

Detector calibrated to different energy field 5% if  ion chamber, and 15%  for  TLD or OSLD

Using Air-Kerma instead of absorbed dose to 

tissue or water (or visa-versa)

10%

Min/max dose ratio within specimen For one-sided irradiation, 10% for gamma-ray and

15- 20% for  X-ray (for typical lab mouse)

Specimen positioned outside of uniform field in 

x-y plane, as well as z-plane

20% for both gamma-ray  X-ray

Beam attenuation due to specimen container 

and/or multiple specimens 

5% for gamma-ray and 10% or more for X-ray

Potential Combined Uncertainty or Error

in Dose to Specimen (at the 95% confidence level):  25-35% using RSS



Main Contributors to Measurement Error

The table shows that if irradiator calibrator and user are 
not aware of these sources of error, the result could be 
dose errors in the range of 25-35%. 

Many of these sources of error can be reduced or 
eliminated.

Note that this is potential dose error or uncertainty, which 
is only one component of uncertainty impacting the final 
uncertainty (the uncertainty associated with the biological 
response of interest).
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Main Contributors to Measurement Error

You also have to take into account the errors associated 
with the range in biological response across a study 
group, or analytical measurements on the sample…these 
also can have large errors!

Depending on the model biological system involved, the 
standard error in biological response measurement can 
be <10% (immortalized cell lines) to >20% (primary cell 
cultures and whole animal models).
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Depth Dose Curves for Mt. Sinai RS2000 160 kVp X-ray Irradiator 
and Shepherd 68-A Cs-137 Irradiator – 48 Gram Rodent
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Depth-Dose Curves for 48 Gram Rodent
PNNL Cs-137 and Precision X-Ray Irradiators
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Depth Dose Curve in 120 Gram Rat 
PNNL Cs-137 and Precision X-Ray XRAD
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Uncertainty Comparison Estimates for Dose to Rodents
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Field Phantom

Min-to-Max Dose 

Ratio

Maximum Error in 

AD to Rodent 

Relative to AD in Air

Difference in Maximum 

Uncertainty Between Cs-

137 and X-Ray

Difference in Uncertainty 

Between Cs-137 and X-

Ray if Corrected Relative 

to Rodent Center

PNNL

XRAD320

@ 160 keV

25g rodent* 0.80 ~20% ~10% ~5%

48g rodent 0.72 ~28% ~13% ~7%

120g rodent 0.62 ~38% ~18% ~9%

XRAD320

@ 300 keV

25g rodent* 0.85 ~15% ~5% ~3%

48g rodent 0.80 ~20% ~5% ~3%

120g rodent 0.70 ~30% ~10% ~5%

Custom 3ft.3

Cs-137

25g rodent* 0.90 ~10% --- ---

48g rodent 0.85 ~15% --- ---

120g rodent 0.80 ~20% --- ---

Mt. Sinai

RS2000

@160 keV

25g rodent* 0.82 ~18% ~5% ~2%

48g rodent 0.75 ~25% ~8% ~4%

Shepherd

68-A Cs-137

25g rodent* 0.87 ~13% --- ---

48g rodent 0.82 ~18% --- ---

* Values for the 25 gram rodent are obtained via extrapolation of the 48 gram rodent curves.



Conclusions
There are a number of physical aspects inherent with self-
contained/small compartment X-ray irradiators and  Cs-137 
irradiators that can result in significant differences in dose delivery to 
samples/specimens.

These physical aspects include:

Source energy spectrum (primary and scatter combined)

Physical geometry of source

Geometry of the field/beam

Uniformity of field within the chamber

These aspects can significantly impact the dose level and dose 
distribution within a sample/specimen, especially one of significant 
mass.  

However, a researcher’s acceptable level of equivalency 
between a gamma-ray and X-ray irradiator should be based upon 
the dose uncertainty for various applications associated with the 
researcher’s current Cs-137 irradiator.
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Conclusions - continued

Our results indicate that using an RS2000 160 kVp X-ray 
irradiator instead of a Model 68-A Cs-137 irradiator, adds a 
maximum ~5% uncertainty for 25 gram rodents, and maximum 
~8% uncertainty for ~50 gram rodents. 

Our results indicate that using an Precision X-Ray XRAD 160 
kVp X-ray irradiator instead of a PNNL custom Cs-137 
irradiator, adds a maximum ~10% uncertainty for ~25 gram 
rodents, and maximum ~13% uncertainty for ~50 gram rodents. 

Our results indicate that using an Precision X-Ray XRAD 320 
kVp X-ray irradiator instead of a PNNL custom Cs-137 
irradiator, adds a maximum ~5% uncertainty for ~25 gram 
rodents, ~5% for ~50 gram rodents, and ~10% for ~120 gram 
rodents.  
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Conclusions - continued

These uncertainty values are valid as long as rodents are 
irradiated at the further distances and kept within a certain 
boundary. 

It is possible to reduce these uncertainty values by as much as 
2X (correcting dose relative to mass center, 2-sided irradiation, 
increasing backscatter, etc.)

The uncertainty values above could provide researchers 
estimates for comparisons of similar X-ray and Cs-137 
irradiators.

Questions?
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