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1 Introduction 

We report new data on the damage of silicon detectors by low energy (1 MeV) neutrons. 
The data were taken at the end of 1991. Three exposures of UA2 Inner Silicon detectors 
were made: at +20°C, -15°C and -95°C. A high neutron flux enabled the required 
fluences to be achieved in relatively short times. This increases the sensitivity of the 
experiment to damage types with shorter self-annealing time constants. In an earlier 
experiment [3] we reported a value of the damage coefficient which was slightly higher 
than that measured by our collaborators in RD2 [2]. This note discusses the new data 
taken at +20°C. Analysis of the low temperature exposures is in progress. 

2 Experimental Setup 
Neutrons were produced by bombarding a thick Li target with protons with an energy 
of 2.9 MeV. Most neutrons were produced via the reaction Li(p,n)Be with a few percent 
via Li(p,n)Be*. The full Lithium target thickness corresponds to a proton energy loss of 
about 300 keV and the neutrons produced will have a similar range of energies. 

The silicon detectors were placed at a perpendicular distance of 12.4 ± 0.7 mm from the 
target. 
Two UA2 segmented silicon detectors were placed next to each other, with the beam 
centred. The layout and numbering scheme are shown in figure 1. The beam position 
was such that pads 2 and 3 received the maximum fluence, and corresponding pads on 
each detector received about the same flux. To achieve electrical connections the silicon 
detectors were attached to etched copper/kapton foils using conducting epoxy. Electrical 
connection to the pads was made via bonded gold wires. 

The detectors were reverse biased at 50 Volts both during and after the irradiation. 
Multiplexing the signals enabled the measurement of leakage currents on each pad at two 
to eight minute intervals. In addition I-V curves were taken regularly. 
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For purposes of temperature control and dehumidification, the detector/kapton assemblies 
were placed in a vacuum chamber. The temperature of a copper substrate plate, in thermal 
contact with the kapton, was maintained within 0.2°C of 20°C by use of a thermoelectric 
heat punn and servo-control system, the details of which will be described in a separate 
note. 

The irradiation took place in two stages. A short irradiation of 13 minutes was followed 
three hours later by a second irradiation for about 65 minutes. The integrated flux profile 
for one pad is shown in figure 2. Leakage currents were monitored continuously, at three 
minute intervals during the exposure and at eight minute intervals after the irradiation. 
The data being reported here was collected for ten hours after the irradiation. 

Figure 3 shows the data obtained for a typical pad. Of the thirty-two pads irradiated, 
only sixteen showed the expected behaviour during and after irradiation. Other pads 
exhibited erratic behaviour. This is possibly due to bad connections caused during the 
transport of the detectors from Melbourne to Sydney. Consequently further analysis is 
restricted to these sixteen "good" pads. 

The temperature was maintained at 20°C throughout and hence no temperature correction 
was required. 

3 Flux Calculations 
When producing neutrons via protons on a thick Li target, the protons lose energy in the 
target resulting in a range of energies for the neutrons. The cross section will also vary as 
the proton loses energy. To calculate the resulting neutron flux and energy distribution a 
method based on that described in [1] was used. Only neutrons produced via Li(p,n)6e 
were computed, the small contribution from Li(p,n)Be" was ignored. 

The effective flux for each pad was calculated by means of a numerical integration over 
the area of the pad, allowing for the finite size of the beam spot. The effective flux is: 

L-LM—'v^ir*-' ( 1 ) 

where f(0) is the flux at a given angle, 9, to the normal and / is the perpendicular 
distance from the target to the silicon. The first factor COB 6 in the integrand corrects 
for the obliquity of the neutron flux away from the axis, the second factor allows for the 
inverse square law, and the sec 8 corrects for the longer path length in the silicon for 
neutrons at large angles. The effective flux is larger due to this inclination. The limits of 
integration were determined by the positions of the corners of each pad. 

The energy range and relative neutron flux for each pad were determined. A "long 
counter" was used to provide a normalization and to measure the time profile of the 
flux. The long counter was placed approximately 10 metres from the target at an angle 
of 13° from the beam line, as shown in figure 1. This geometry was needed to avoid large 
dead times in the counter at the high flux rates utilised. 

In order to determine the effect of the scattering of neutrons away from the long counter 
by the silicon counters and their supports, and of scattering into the long counter, short 
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runs were taken with and without the chamber present. These runs were taken for the 
same integrated beam current. This resulted in reduction of about 10% in the long 
counter reading with the chamber in place. The fluxes quoted have been corrected for 
this. However this does not correct for any minor variation in flux distribution over the 
pads that the presence of the chamber itself may produce. 

The calculated fluence achieved at the end of irradiation is shown in figure 4 and the 
energy distributions are shown in figure 5. Note that as detectors two and four were 
symmetric about the beam axis corresponding pads obtained similar fluences. 

The uncertainty of the target-to-silicon distance produces a systematic error in the flux 
of 11%. 

4 Analysis 

The change in leakage current due to the irradiation is shown in figure 3 for a typical pad. 
The neutron fluence received for this pad is shown in figure 2. 

The silicon detectors used in this experiment had been previously irradiated which ac
counts for their high initial leakage currents, ranging from 100 to 500 nA for detector 4 
and 25 to 50 nA for detector 2. It was assumed that the damage associated with this 
initial leakage current was no longer annealing over the time scale of this experiment. 
This is a valid assumption as the previous irradiation occurred about one month before 
this exposure and the period over which the present data was taken was much shorter. 
The quantity of interest is the increase in leakage current and so these initial currents 
were subtracted. Henceforth all references to the leakage current will actually mean the 
increase in leakage current during the present irradiation. 

If the self annealing occurs at the same rate for all pads then one expects the ratio 
I(t)/I(T) , where I(T) is the leakage current at the end of the irradiation and t > T, to 
be the same for all pads. Figure 6 show the ratio I(t)/I(T) for the sixteen good pads. 
It is evident that the rate of self annealing varies significantly between pads. Figure 7 
shows this ratio for the averaged currents of all the good pads, and for the two extreme 
pads. Also shown are the expected current decreases predicted using the self annealing 
parameters obtained by the Hamburg group [2] and by our group in our first run [3] in 
February 1991. 

In order to study if this spread depended on the fluence received, values of I(t)/I(T) at 
a time (t = 80 hours) near ihe end of data collection were plotted against the fluence 
received by that pad, see figure 8. No significant evidence for a fluence dependence is 
observed. 

Self annealing parameters were obtained for the averaged current ratio and for the ex
treme pads. These were found using MINUIT [4] to fit data for the period after the second 
irradiation with a sum of exponentials. The data was found to be best fit with the sum 
of two exponentials plus a constant term. The constant term allows for any irrecoverable 
damage and for annealing with time constants much greater than the time period over 
which data is being fitted. Due to the relatively short period over which data was col
lected it was not possible to determine any time constants above ten hours. Therefore it 
was decided to fix one time constant at the value of 2440 minutes as obtained in our first 
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run. The fits have the form: 

I(t')/nT) = Y,A:e-t'<ri (2) 

where V = t-T. 

These A' must be converted to the A„ the amplitudes that would be obtained for an 
instantaneous irradiation. With information on the flux profile this was achieved as 
described in [5]. The resulting three sets of self annealing parameters along with the 
previous results of the Hamburg group and ourselves are shown in table 1. 

Table 1: Self Annealing Parameters 

Maximum 
i T, (min) Ai 
1 oo 0.305 
2 2440* 0.381 
3 48.9 0.314 

Average 
t r, (min) Ai 
1 
2 
3 

oo 
2440* 
57.4 

0.473 
0.281 
0.245 

Minimum 
i r, (min) Ai 
1 oo 0.686 
2 2440* 0.091 
3 58.1 0.222 

Melbourne(Feb) 
i Ti (min) Ai 
1 oo 0.255 
2 3.54 x 104 0.159 
3 2440 0.196 
4 63 0.390 

Hamburg 
i Ti (min) Ai 
1 6.70 x 10 5 0.396 
2 1.47 x 10 4 0.201 
3 1090 0.131 
4 119 0.116 
5 17.8 0.156 

* Parameter Fixed 

Figure 9 shows data for Pad 8 of detector 4 corrected using the five sets of self annealing 
parameters. The current ratio after irradiation for this pad was close to the average data 
and hence the correction is good for that set of parameters. Figure 10 is an expansion of 
figure 9 showing the region near the end of the second irradiation. 

The current increase if there was no self annealing during irradiation (or for an instanta
neous irradiation) would be given by: 

'o = I(T) I f (3) 

where: 

/ = I(T)/h = 5 > C (4) 

For an irradiation at a constant rate lasting a time T then c, is: 
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T, 
^ ( l - e - T / - ) (5) 

In general if the flux rate varies then the c, are calculated as described in [5] and depend 
only on the flux profile, the time of the irradiation and the T,, but not on the fluence. 
Therefore for a given set of annealing parameters / will be independent of flucnce and so 
equal for all pads. 

It is necessary to make some choice of the time used to calculated / and hence To- If the 
self annealing parameters describe & given data set well then the choice is not important 
as the same value should be obtained for all times after the end of irradiation. For an 
incorrect set of self-annealing parameters the time chosen will make a difference. It was 
decided to take the time corresponding to the actual end of irradiation. In figure 10 this 
time was 71.8 hours. 

The values of f~l for the five sets of parameters is given in table 2. 

A plot of the leakage current increase at the end of irradiation vs fluence is given in fig
ure 11 for the sixteen good pads. No corrections have been applied to these currents. The 
data is consistent with a linear dependence. The slope is a measure of the uncorrected 
damage coefficient, which was measured to be: 

OttlFl = 
A / 

* • Vol 
7.2 x 1 0 - , 7 A c m - ' (6) 

As / will be the same for all pads for a given set of annealing parameters an alpha cor
rected for self annealing, aCOT, can be obtained using: 

= a,. If (7) 

The resulting corrected damage coefficients are given in table 2. The spread of values 
represents the systematic uncertainty involved in correcting for self annealing. The mean 
neutron energy was 0.8 MeV, see figure 5. The linearity shown in figure 11 indicates that 
the damage coefficient is not strongly dependent on neutron energy in the range studied 
here. No correction for neutron energy has been applied. 

Table 2: Damage coefficients 

Self annealing / " ' a 
parameter set (xlO" 1 7 ) A/cm 

Average 1.17 8.4 
Minimum 1.14 8.2 
Maximum 1.25 9.0 

Melbourne(Feb) 1.27 9.1 
Hamburg 1.25 9.0 



5 I-V Characteristics 

I-V curves were taken for all pads at various times before, during and after the irradiations. 
The timing of these is shov/n in figure 12. Figure 13 shows a typical set of curves, while 
figures 14 and 15 show the full set. All values of leakage currents reported above were 
taken at a bias voltage of 50 V. As may be seen from these figures this voltage was always 
sufficient to achieve full depletion and was never high enough to cause breakdown. A 
common feature of the I-V characteristics, both before and after irradiation, is a small 
positive slope after depletion has been obtained. This may indicate that surface effects 
are important as well as bulk damage. However as the first point was taken at a bias 
voltage of 10 V it is difficult to determine the exact voltage at which the detectors become 
fully depleted. The slopes of the I-V curves are not significantly different before and after 
irradiation and consequently, if this interpretation of the slopes is correct, the effect on 
the determination of the damage coefficient will be second order. 

6 Discussion 

Analysis of data from our previous run [3] gave a higher value for the damage coefficient 
to that reported here. The new value is close to that measured by other groups within the 
RD2 collaboration [2]. Although we have considered various hypotheses for this difference 
in our results it is difficult to test their validity. We prefer therefore to regard this new 
result, which was made in better controlled conditions, as replacing our earlier anaysis of 
reference [3]. 

The variation in the current decrease for different pads is indicative of the variation in 
self-annealing that can occur in supposedly identical pads. It should be regarded as a 
systematic uncertainty in all studies of this type. 
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Figure 1: (a) The silicon detectors were placed close to the Li target perpendicular to the 
proton beam. An off-axis counter at a distance of about 10 m was used to monitor the 
neutron flux, (b) The beam was centred between detectors 2 and 4, close to pad 2 in each 
detector. 
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Figure 2: The fluence received by a typical pad as a function of time (the origin of the 
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Figure 3: The variation of leakage current of a typical pad as a function of time (the 
origin of the time axis is arbitrary). 
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Figure 4: The fluence at the end of irradiation, for all 32 pads, calculated as described in 
the text. 
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Figure 5: The mean energy of the neutrons striking each pad. Also shown are the extreme 
values. 
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Figure 6: The ratios of currents after the end of exposure to the currents at the end of 
exposure for the sixteen good pads. 
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Figure 7: The ratios of currents after the end of exposure to the currents at the end of 
exposure for (a) the average of the sixteen good pads, (b) the two pads showing the most 
extreme ratios. The curves are described in the text. 
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Figure 8: The ratios of currents about seven hours after the end of exposure to the currents 
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Figure 9: The current, corrected for self annealing, as a function of time for five sets of 
annealing parameters. 
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Figure 10: An expanded view of the previous figure about a time near the end of irradi
ation. 
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Increase in leakage current vs Fluence 
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Figure 11: The increases in leakage currents for all good pads with respect to effective 
fluence received. 
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Figure 12: The current time profile for one pad showing the times at which I-V charac
teristics were studied. 
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Figure 13: The I-V characteristics for a typical pad taken at the times indicated in the 
previous figure. 
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Figure 14: The I-V characteristics for the first eight good pads taken at the times indicated 
in the previous figure. 
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Figure 15: The I-V characteristics for the remaining eight good pads taken at the times 
indicated in figure 13. 
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