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APPENDIX A

AN EVALUATION OF THE PERFORMANCE OF THE SYNTHETIC

DIAMOND PROBE ON EXPOSURE TO 60Co RADIATION

A.1     Dosimetric measurements

The dosimetric performance of the probe was also evaluated on exposure to 60Co radiation

using DGB1 (chosen because of its low and stable dark current) as the sensing element. The

measurements that were conducted include: linearity of timer, timer error, OFs and TMRs.

A.2 Timer linearity and end effect (timer error) measurements

As external beam units are calibrated against an internal timer or monitor unit (MU) (AAPM

TG-40, 1994), linearity of response of a radiation detector with time or MU is essential.

Illustrated in Figs A1 (a) and (b) respectively are response-time graphs for a 60Co unit

measured with a 0.6 cc Farmer type chamber and the diamond probe. The figures

demonstrate that the response of each detector is linear with the timer. However, the response

of the diamond probe taken at +50 V bias is much higher compared to the response of the ion

chamber recorded at +400 V. Each detector was connected to a PTW Unidos E electrometer

system. The dose rate used at the time of measurements was 78.17 cGy/min.
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Figure A1: Response-time graphs for (a) 0.6 cc Farmer chamber and (b) diamond probe demonstrating

the linearity of timer for the 60Co unit.
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The gradients of the graphs gave values of 1390 and 10.4 nC/min for the diamond probe and

ion chamber, respectively indicating that the diamond probe is about 134 times more

sensitive than the ion chamber.

The timer error (transit time) for a 60Co unit is an end effect that describes the finite amount

of time required by the shutter to move from the fully closed to the fully open position and

also from the fully open to the fully closed position. That is, the transit time is the finite time

during transit of the 60Co source from the fully shielded position (beam off) to the fully

exposed position (beam on) and during retraction into the safe. As a result the total radiation

dose delivered during each treatment cycle is equal to the prescribed dose plus the transit

dose component. The transit dose is the dose delivered during the proportion of the transit

time for which the source is exposed. However, the transit dose is not accounted for by the

machine internal timer and this has to be determined separately as the timer error can

significantly influence the response of the detector (IAEA TRS 398, 2000). As also noted in

TG-21 protocol (AAPM, 1983), 60Co units may have a non-linear relationship between dose

per unit time and time, particularly for short exposure times and it is recommend that

appropriate corrections should be made. As new or high dose rate sources utilise short

exposure times, the transit dose becomes a significant aspect so the dose rate of the machine

has to be corrected periodically with respect to the shutter effect for accurate delivery of

treatments (AAPM TG-40, 1994).

Since the transit dose (depending on its magnitude) may affect clinical outcome, it is relevant

to determine the timer error as this time is a measure of transit dose component for 60Co

teletherapy units (Kinhikar et al., 2007). The timer error can be determined by utilising the

graphical solution of zero exposure on a response-time graph where relative measurements of

integrated charges are taken for different amounts of time. The measurements are then fitted

linearly and extrapolated to zero response (or the so-called zero exposure). The intercept on

the time axis equals the timer error. Alternatively, the timer error (τ) can be computed

mathematically from the multiple exposure technique given by equation:

τ = (Rm – Rs)t /(mRs – Rm)          (A1)

where two exposures of integrated charges are collected at the same bias voltage, a single

exposure, Rs in a set time t, and a multiple exposure, Rm in the same time, but split into m

short exposures of time t/m each, where 2 ≤ m ≤ 5. In this study, three short exposures (i.e., m

= 3) were made in a total time of six minutes (i.e., t = 6 minutes resulting in t/m = 2 mins).
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Table A1: Values of the single and multiple exposures including timer error

Response of detector (nC)Detector

Rs Rm

Timer error

(minutes)

0.6 cc ion chamber

Diamond probe

62.32

8362.0

62.58

8393.0

0.01

0.01

Presented in Table A1 are the measured values of Rs and Rm for the ion chamber and diamond

probe together with the timer error computed from Eq. (A1). The timer error computed for

each detector using both the graphical solution of zero exposure (Fig. A1) and the multiple

exposure technique gave the same value of 0.01 minute. If the sensitivity of the diamond

sensor had been influenced by a trapping and de-trapping mechanism due to the effect of

ambient light causing it to be unstable, then the response of the diamond probe could have

deviated from linearity and the value of the timer error could have been different.

The multiple exposure technique which employed two different irradiation regimes for the

measurements of integrated charges (Rs and Rm) for the timer error determination physically

means that if the detector response for one measurement regime differs from the other with

the measurements taken for the same amount of time, then there is an end effect (Ade, 2009),

as the presented results demonstrate (Table A1). Clinically, the disparity in response means

that if a 60Co teletherapy treatment delivery is interrupted, say ‘m’ times, or fractionation

treatment is being considered (i.e., the treatment is being delivered in a large number of small

fractions with a high dose rate source rather than in a single large fraction with a low dose

rate source) then such an interruption or fractionation regime may systematically affect

dosimetry if the end effect is considered significant.

A.3 Output factors (OFs)

For high-energy beams delivered by clinical linear accelerators, OFs are used for the

determination of monitor units whereas for 60Co teletherapy units, they are used to calculate

treatment time. In this study, OFs for clinical photon beams for a given source-axis distance

(SAD) are defined as the ratio of the charge measured at a reference depth of 4.4 cm (5 cm
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water equivalent) in phantom for a set field size to that at the same depth for a 10x10 cm2

reference field. That is,

OF = M(dref,f)/M(dref,fo)                                                                                                     (A.2)

where M(dref, f) and M(dref, fo) are the charge readings recorded for a square field of size f and

fo is the reference 10x10 cm2 field, respectively.

Illustrated in Fig. A2 (a) are the OFs determined with the diamond probe at 80 cm SAD

compared with data taken with the ion chamber for various square fields (6x6 cm2 to 18x18

cm2), defined by photon jaws alone in a similar manner as reported by Ciacaglioni et al.

(2012). The percent deviation (modulus) between the OFs measured with the two detectors is

shown in Fig. A2 (b). The results demonstrate that the OFs determined with the diamond

probe agree favourably with measurements taken with the ion chamber within 2%.

A.4 Tissue-maximum ratios (TMRs)

Dosimetric calculations for high-energy radiotherapy beams utilise either SSD or SAD

techniques or both (Khan, 2003). Whereas PDD is the quantity of choice for dosimetric

calculations involving SSD techniques, TMR is a suitable parameter for calculations that

involve SAD techniques.
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Figure A2: Output factors for various square fields (a) and percent deviations between the output

factors (b) measured with the diamond probe and 0.6 cc Farmer chamber.
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As Fig. A3 demonstrates, and stated in Eq. A3, for a given field size, fd, TMR is defined as

the ratio of the dose on the central axis of the radiation beam at a given point in phantom to

the dose at the same point at the reference depth of dose maximum, dmax. That is,

TMR (d, fd) = Dd/Ddmax (A.3)

For 60Co teletherapy radiation, dmax equals 0.5 cm in water (0.44 cm Perspex equivalent).

Figure A4 (a) shows a plot of 60Co TMRs as a function of phantom depth for a 10 x 10 cm2

field measured with the diamond probe (DProbe) at 80 cm SAD. Also shown on the plot is

reference data for comparison. The percent deviation between the data taken with the probe

and reference is demonstrated in Fig. A.4 (b). A maximum deviation of 1.5% was obtained.

A.4 Conclusion

The presented results for the measurements of linearity of response, timer error, OFs and

TMRs taken with the synthetic diamond probe agree favouravbly with data recorded with

reference detectors. This strongly suggests that the synthetic diamond probe is a potential

candidate for the clinical dosimetry of 60Co teletherapy radiation.

Figure A3: A schematic illustrating the definition and measurement geometry of TMR.
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Figure A4: 60Co TMRs as a function of depth (a) and deviations between the TMRs (b) measured with

the diamond probe and a reference. Reference data taken from Khan (2003).
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APPENDIX B

In this study, a measuring accuracy of ±2% was considered in order to evaluate the

significance of the variation of Δ on beam energy and bias voltage. It was claimed that with

this tolerance and considering a Δ value of 1.02 (which gives a 2% deviation from linearity),

the ICRU (1976) overall ±5% margin can be achieved even when the dose rate is varied by a

factor of 10. The justification of this claim is provided below.

The following information is taken into account:

 Percent depth dose (PDD) is defined as the ratio, expressed as a percentage, of the

absorbed dose at any depth d, to the absorbed dose at the depth of dose maximum,

dmax, that is,

PDD = [Dd)/Ddmax)] x 100                                                                                                    (B1)

 The Laub (1997) expression for dose rate dependence correction for relative dose

measurements is:

                                                                      (B2)

where Drel(d) is the relative dose measured with a diamond detector at the depth of

 measurement d, and Δ is the dose rate linearity index;

 For a radiation detector whose response does not vary with dose rate, Δ = 1.00;

 When the dose rate is varied by a factor of 10, Ddmax = 10Dd.

Now for PDD, Eq. (B2) may be expressed as:

                                                                                    (B3)

Then, for Ddmax = 10Dd and Δ = 1.02,

Eq. (B3) becomes: PDD = (10)1.02 = 10.47

But for Δ = 1.00, Ddmax/Dd = 10

Therefore, the uncertainty in dose determination =

Similarly, for Δ = 0.98 (which also gives a 2% deviation from linearity),

The uncertainty in dose determination = -4.5%.
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It is clear from the analysis that if the deviation of Δ from linearity is within 2% and the dose

rate is varied by a factor of 10, the ICRU (1976) overall ±5% uncertainty can be achieved.

Therefore, if the variation of Δ with beam energy is within 2%, then a single value of Δ could

be used for various beam energies within a given clinical range.
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APPENDIX C

PUBLICATIONS, PATENTS AND CONFERENCE PRESENTATIONS

C.1     Publications and submitted Papers

1. Ade, N., Nam, T.L., 2015. The influence of defect levels on the dose rate dependence

of synthetic diamond detectors of various types on exposures to high-energy

radiotherapy beams. Radiat. Phys. Chem. 108, 65.

2. Ade, N., Nam, T.L., Derry, T.E., Mhlanga, S.H., 2014. The dose rate dependence of

synthetic diamond detectors in the relative dosimetry of high- energy electron therapy

beams. Radiat. Phys. Chem. 98, 155.

3. Ade, N., Nam, T.L., Mhlanga, S.H., 2013. An evaluation of some pertinent

parameters that influence the dosimetric performance of synthetic diamond detectors.

Radiat. Phys. Chem. 86, 42.

4. Ade, N., Nam, T.L., Assiamah, M., 2012. A synthetic diamond probe for both low-

energy mammography X-rays and high-energy electron therapy beams. Radiat. Phys.

Chem. 81, 232.

5. Ade, N., Nam, T.L.. The influence of detector size relative to field size in small-field

photon-beam dosimetry using synthetic diamond crystals as sensors. Submitted in

March 2014 to Radiation Physics and Chemistry.

C.2     Patents

      1. Nam, T.L., Ade, N. 2011. Improved Multi-Purpose Ionizing Radiation Detector. SA

 Patent. 2011/07889.

      2. Nam, T.L., Ade, N. “Radiation Probe”, Functional Design Applications: SA Patent

           registered (F2012/02184); EU registered (002 239 889-001); China accepted (2013

          302225 167); Japan accepted (2013-012009); US pending (FD29/456,332).

C.3     Conference Presentations

1. N.  Ade and T.L. Nam. “Dosimetric characterization of synthetic diamond crystals of
various types and sizes under small-photon beam conditions.” 59th Annual

Conference South African Institute of Physics (SAIP), 7-11 July, 2014, University of

Johannesburg.

2. N. Ade, T.L. Nam, S.H. Mhlanga. “The variation of dose rate dependence parameters
of synthetic diamond detectors with electron energy.” 58th SAIP Annual Conference,
8-12 July, 2013, University of Zululand.”
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3. N. Ade and T.L. Nam. “Diamond as a potential material for medical applications.”
Wits 4th Cross-Faculty Postgraduate Symposium. Wits Professional Development

Hub, 19th and 22nd October, 2012.

4. N. Ade, T.L. Nam and S.H. Mhlanga. “Performance Evaluation of HPHT and CVD

Diamond Detectors with Mammography X-rays and Electron Therapy Beams: Pre-

irradiation and Dose Rate Dependence.” SAAPMB 2012 Conference, 17-21

September 2012, Radisson Blu Hotel, Port Elizabeth.

5. N. Ade, T.L. Nam and S.H. Mhlanga. “Effects of impurities and defect levels on the
performances of synthetic diamond crystals when used as radiation sensors for

medical applications.” 57th SAIP Annual Conference 9-13 July 2012, University of

Pretoria.

6. N. Ade and T.L. Nam. “Dosimetric response of synthetic diamond crystals of various
types to diagnostic mammography X-rays and electron therapy beams.” The 6th

International Conference of the Africa Materials Research Society (Africa MRS), 11-

16 December, 2011, Victoria Falls, Zimbabwe.

7. N. Ade, T.L. Nam and M. Assiamah. “A synthetic diamond probe for both low-

energy mammography X-rays and high-energy electron therapy beams.” 56th SAIP

Annual Conference, 12-15 July 2011, Centurion – Pretoria.

8. N. Ade, T.L. Nam and M. Assiamah. “A Novel Tissue-Equivalent Synthetic Diamond Probe

for Medical Dosimetry.” 50th Annual SAAPMB/SARPA Congress, 19-21 September, 2011,

Centurion – Pretoria.
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