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1. Introduction

The nuclear interactions of high energy particles can deposit sufficient energy in electronic circuits to cause Single Event Upsets (SEU). The results of measurements of SEU cross sections for the SCT optical links are given in ref.[
]. In this study the rate of bit errors in the optical links was measured as a function of the PIN diode current. This study showed that the dominant source of SEUs was the deposition of energy above a threshold in the PIN diode, which was then interpreted as a valid edge by DORIC4A which results in a bit error in the TTC link.  The maximum SEU induced BER in ATLAS operation at high luminosity would be 3.6 10-10. 
The SCT optical links use BiPhase mark encoding to send TTC data for a module down one fibre. The BiPhase mark encoded signal is decoded by the DORIC4A chip to produce the 40 MHz Bunch Crossing (BC) clock and the 40 Mbits/s NRZ data as illustrated in Figure 1 below.
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Figure 1 TTC signals. (A) BiPhase Mark encoded signal (B) decoded BC clock (C) Decoded NRZ data.

An SEU induced signal in the 12.5 ns wide window labled “A” will result in a bit error in the NRZ data stream. An SEU induced signal in the 6.25 ns wide window labled “B” will result in the leading edge of the 40 MHz BC clock starting earlier than it should. Therefore this effect can cause the 40 MHz BC clock to jitter early by up to 6.25 ns. Thus rare large jitters in the recovered BC clock can cause the ABCDs to miss a BC clock which would then cause the ABCDs to lose synchronisation. If this occurs, all data read out from these ABCDs would be invalid until a soft reset was issued which resets the BC and L1 counters. This effect of SEU is studies in this work,
2. Experimental Set-up

The measurements were performed using 24 GeV/c protons in the T7 beam at the PS. The DUTs were mounted on the scanning table and the fluences were estimated from the SEC3 counts. Note that the flux when the DUT was actually in the beam was ~ 2 1010 cm-2s-1 which is about 104 times higher than for the inner layer of the SCT at high luminosity. One K5 hybrid in the beam was read out optically using a forward opto plug-in module
. Two K5 modules were also in the beam and were read out electrically. One barrel module in the counting room was read out electrically to provide a reference module for comparisons of bunch crossing counters. The BC counters contain the 8 least significant bits of the number of BC clocks received by the ABCD since the last soft reset. The level 1 (L1) counters were also read out. A sequence was used in which one trigger was sent before a beam spill and then a burst of 7 further triggers were sent after the beam spill. Therefore the characteristic feature of the SEU induced BC counter errors would be the following sequence:
1. The BC counter in the K5 hybrid would agree with the BC counter in the barrel reference module after the first trigger in the burst.

2. The BC counter in the K5 hybrid would disagree with the BC counter in the barrel reference module after the second trigger in the burst (i.e. after the beam spill).

3. The magnitude of the difference in 2 would remain constant for the subsequent triggers in the burst.

4. The L1 counters in the K5 hybrid would agree with the L1 counter in the barrel reference module as no triggers were sent during the beam spill itself.
A few trigger bursts were found to have inconsistent errors and they were excluded from the analysis but these effects were included in the normalisation of the calculations of the cross sections.
3. Results

The analysis of the results showed as expected that when there was a BC counter error, the effect was due to the DORIC4A losing one or more BC clocks compared to the reference BC clock.  As a first check on the system, the BC counters for a K5 modules with electrical readout was compared to the barrel reference module: only one trigger burst was found with a BC counter error.  Runs were performed at the end with the modules out of the beam and the results shown in Table 1 below. 

Table 1 Bunch Crossing Counter errors in no beam runs.

	<PIN current> (A)
	Number of “Spills”
	Number of BC counter errors

	49.2
	100
	0

	70.7
	300
	0

	99.0
	110
	0

	101.0
	319
	0

	171.2
	301
	0


Since no errors were found in any of these no beam runs, all the BC counter errors obtained in the beam runs can be attributed to SEU effects.
The distribution of number of errors in a trigger burst for the longest beam run is shown in Figure 2 below.
[image: image2.wmf]
Figure 2 Distribution of the number of errors per beam spill for one run.

The number of errors versus beam spill is shown in Figure 3 below. The pattern of spikes with gaps with no errors reflects the motion of the scanning table in which the DUT is continuously being scanned into and out of the beam.
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Figure 3 Number of errors versus beam spill number
The distribution of number of errors does not look so reasonable for some runs. For example for run 946_3 shown in Figure 4 below, the distribution shows a long tail out to large values of the number of errors per spill. The distribution of the number of errors versus beam spill number is shown in Figure 5 below. No explanation for the unphysical tail in the distribution has been found so far.
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Figure 4 Number of errors per beam spill for run 946_3.
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Figure 5 Number of errors versus beam spill number for run 946_3.

The plot of number of errors versus burst number shows that the errors continued until the end of the run. For two runs the errors stop suddenly in the middle of the run, therefore these runs are discarded. The correlation between  the number of BC counter errors in the two master ABCDs on the K5 hybrid read out optically was checked. The correlation was very good, typically the number of errors agreed to better then 5%. However for one run the number of errors disagreed by greater than a factor of two so the data from this run are also discarded.

The number of BC counter errors, Nerrors, was measured at different values of the mean PIN diode current <IPIN>. The fluence, F, was estimated from the values of the SEC3 counters assuming the usual conversion factor and the SEU BC counter cross section was simply calculated from
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The results are shown in Figure 6 below. In order to understand the effects of the beam spills with very large number of BC counter errors, the cross sections were evaluated making a cut requiring the number of errors per beam spill to be less than 10 and the results are shown in Figure 6 as “SEU with cut”. 
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Figure 6 SEU BC counter error cross section versus mean PIN diode current.

The error bars shown in are only statistical and there is an additional 20% correlated systematic uncertainty due to the knowledge of the conversion of SEC3 counts to fluence. The spread of data points is very much larger than would be expected from statistical fluctuations but the origin of this spread is not understood yet.

 These cross sections can be compared with the SEU bit error cross sections measured with 405 MeV/c +[1] . However an additional correction has to be made to allow for the different active volume of the Truelught PIN diode compared to the Centronic PIN diodes that will be used in ATLAS (and were used in the tests in reference [1]). Assuming that the SEU rate scales with the active volume[
], this gives a factor of approximately 2.7. The comparison is shown in Figure 7 below.
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Figure 7 Comparison of scaled SEU BC cross sections measured with 24 GeV/c protons and SEU cross sections measured with 405 MeV/c +.

 It can be seen that the BC SEU cross section is generally much smaller than the SEU induced bit error cross section. This demonstrates that the ABCDs are rather insensitive to jitter of the bunch crossing clock and only the most extreme jitter possible in the system is leading to a bunch crossing counter error. Note that the two ABCD masters on the hybrid both receive the same BC clock from the one DORIC4A on the module. The BC counter errors from the two ABCDs were almost 100% correlated, which confirms the hypothesis that the BC errors are due to clock jitter from the PIN diode/DORIC4A system. The measured BC SEU cross section falls with PIN diode current at low values of PIN diode current as expected. However the apparent plateau at large values of PIN diode current is not understood.
4. Implications for ATLAS Operation

The SEU errors can create different features in the data including loss of synchronisation. There will be a global ATLAS BC counter reset signal BCR, once every LHC orbit of 89 s (note that this BCR occurs during the 127 BC gap in the bunch trains so does not introduce any deadtime). There will be a global ATLAS ECR signal (this will reset the L1 counter) at a frequency of between 0.1 and 0.01 Hz[
]. 

It may be possible to correct for some of these SEU induced effects but the most conservative assumption at this stage is to assume that all the data from a module will be lost after an SEU, until the next reset. The bit errors can create the loss of an L1 trigger. Since an L1 corresponds to a “110” sequence the probability of bit errors creating an L1 are negligible. If any of the 3 bits of the L1 “110” are corrupted the L1 will be lost. If either of the preceding two bits is wrong the L1 will also be lost[
]. Therefore an error in any one of the 5 bits would corrupt an L1 trigger.  If an L1 trigger is lost, the subsequent data will be invalid until a soft reset is issued. The minimum expected PIN current in ATLAS operation will be 75 A and the maximum flux at high luminosity will be 1.2 106. The corresponding SEU induced BER will be 3.6 10-10 [1]. Assuming an L1 rate of 100 kHz and an event counter reset rate of 0.1 Hz one can calculate the fraction of data lost due to bit errors. The resulting probability of a module losing a trigger between resets would be 1.8 10-3. On average the lost L1 would occur half way through the period, therefore the mean rate of lost module data would be 9 10-4. 
These BC counter SEUs might also cause a loss of synchronisation until a BCR reset is issued. A BC counter SEU error will cause the next trigger to read out the wrong event if the trigger occurs within 132 clock cycles of the SEU. The most pessimistic assumption is that a module will lose synchronisation after a BC counter SEU until the next BCR signal is received. Taking (BC SEU)=2.9 10-10 cm2 at a mean PIN current of 75 A, a maximum flux of 1.2 106 cm-2s-1 [1] and a BCR rate of 11 kHz, the probability of a BC counter error in a module between BCRs would be 3.1 10-8 and is therefore negligible. The BC counter SEU error would cause an extra bit to be created in an event which is being readout, which could corrupt the data in that event. The resulting loss of some data from the event would give a negligible contribution to the overall data loss. The event preamble and trailer are immune to single bit errors but the effects of a BC counter error is to introduce an extra bit into the data stream which is not equivalent to a single bit error. It turns out that the event trailer is immune to such errors whereas the preamble is not fully immune[
]. The most conservative assumption is that a module would lose synchronisation after such an error in the preamble or during the transmission of the header containing the BC and L1 counter (13 bits), although it is expected that the ROD software could accept some of the wrong preambles[5]. At a trigger rate of 100 kHz, the probability of a random error occurring during this period (18 bits) would be 0.045. We can make the conservative assumption that any error in this period would lead to a lost trigger or a corrupted L1 number. Therefore assuming the maximum flux, the rate for such errors would be 1.6 10-5 Hz. Again assuming that the error would occur on average half way through the period between the L1 resets (10s) the mean rate of lost module data from this effect would be 7.8 10-5.
In conclusion the estimated worst case loss of data at high luminosity for the inner layer of the SCT due to SEU effects, assuming an ECR rate of 0.1 Hz would be approximately 9.8 10-4. The proportion of lost data will be lower for the modules at larger radii. The mean flux weighted with the number of modules per layer is ~ 7.4 105 cm-2s-1, therefore one would expect to lose module data from on average 2.5 modules per event. However this is a pessimistic estimate as it assumes that no attempt is made to recover from any of these errors in the RODs. The ROD software group do plan to detect and correct for the loss of single L1s in the data stream, in which case the loss of data would be negligible.
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seu_sumamry_plot

		44		0		0		44		0		0

		63.5		0		0		63.5		0		0

		76.3		0		0		76.3		0		0

		78.9		0		0		78.9		0		0

		103.45		0		0		103.45		0		0

		105.5		0		0		105.5		0		0

		112.8		0		0		112.8		0		0

		140.1		0		0		140.1		0		0

		212.5		0		0		212.5		0		0

		319.5		0		0		319.5		0		0

		432.5		0		0		432.5		0		0



BC SEU

SEU with cut
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x-check
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fraction bursts
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fraction bursts seu
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seu_summary

		2.7								R(PSI)												R(T7)		1000		Ohms				max_error		10

		scaled by 2.7 (Truelight -> Centronics)								957		file		IPIN		sigma		error										file		IPIN		sigma		error

		Ipin		Sigma		error						22		39.7		1.48E-10		1.63E-11										22		39.7		1.03E-10		1.39E-11				10		6.80E-14		112.8				10		3.37E-01		39.7

		44		6.85E-10		3.24E-11						13		44		2.54E-10		1.20E-11										13		44		1.47E-10		9.14E-12				11		4.28E-14		319.5				11		4.19E-01		44

		63.5		3.63E-10		2.52E-11						15		63.5		1.34E-10		9.33E-12										15		63.5		9.20E-11		7.75E-12				13		2.12E-13		44				13		1.88E-01		63.5

		76.3		2.86E-10		2.15E-11						17		76.3		1.06E-10		7.98E-12										17		76.3		8.12E-11		6.99E-12				14		4.48E-14		432.5				14		1.76E-01		76.3

		78.9		8.91E-11		1.33E-11						20		78.9		3.30E-11		4.92E-12										20		78.9		3.09E-11		4.77E-12				15		1.16E-13		63.5				15		1.04E-01		78.9

		103.45		7.56E-11		1.26E-11						21		103.45		2.80E-11		4.67E-12										21		103.45		2.80E-11		4.67E-12				16		7.53E-14		105.5				16		8.36E-02		103.45

		105.5		1.60E-10		1.61E-11						16		105.5		5.92E-11		5.95E-12										16		105.5		4.67E-11		5.29E-12				17		1.02E-13		76.3				17		1.27E-01		105.5

		112.8		2.00E-10		1.58E-11						10		112.8		7.39E-11		5.86E-12		aborted ?								10		112.8		6.00E-11		5.28E-12				18		5.88E-15		140.1				18		1.52E-01		112.8

		140.1		8.51E-11		3.89E-12						18		140.1		3.15E-11		1.44E-12										18		140.1		3.14E-11		1.44E-12				20		7.37E-14		78.9				20		8.98E-02		140.1

		212.5		9.36E-11		1.20E-11						12		212.5		3.47E-11		4.44E-12		timeout		t-5 mins						12		212.5		3.31E-11		4.35E-12				21		6.48E-14		103.45				21		8.04E-02		212.5

		319.5		8.51E-11		1.08E-11						11		319.5		3.15E-11		4.00E-12										11		319.5		3.11E-11		3.98E-12				22		5.85E-13		39.7				22		8.56E-02		319.5

		432.5		1.25E-10		1.30E-11						14		432.5		4.65E-11		4.82E-12										14		432.5		4.61E-11		4.80E-12				24		1.84E-14		114.85				24		8.97E-02		432.5

				bad runs		removed

		114.85		3.17E-11		4.62E-12		errors		stop early		24		114.85		1.17E-11		1.71E-12										24		114.85		1.08E-11		1.65E-12				19		1.61E-13		56.05				19		7.42E-02		114.85

		56.05		2.02E-10		2.20E-11		errors		k5anek5b		19		56.05		7.47E-11		8.15E-12										19		56.05		4.94E-11		6.66E-12				12		4.55E-14		212.5				12		1.90E-01		56.05

		300 MeV/c pi+/p								2.90E+06

								2.90E+06										SEU sigma		error+				scaled sigma

		27.8		29.05		200		39		4.88E-09				7.81E-10				6.72E-08		1.08E-08				2.52E-09

		36.2		37.83		200		33		4.13E-09				7.18E-10				5.69E-08		9.90E-09				2.13E-09

		38.6		40.33		200		26		3.25E-09				6.37E-10				4.48E-08		8.79E-09				1.68E-09

		44.5		46.50		1000		106		2.65E-09				2.57E-10				3.66E-08		3.55E-09				1.37E-09

		54		56.43		1000		59		1.48E-09				1.92E-10				2.03E-08		2.65E-09				7.63E-10

		64.5		67.40		1000		42		1.05E-09				1.62E-10				1.45E-08		2.23E-09				5.43E-10

		76.8		80.25		3600		106		7.36E-10				7.15E-11				1.02E-08		9.86E-10				3.81E-10

		145		151.52		3600		14		9.72E-11				2.60E-11				1.34E-09		3.58E-10				5.03E-11

		232		242.42		3600		6		4.17E-11				1.70E-11				5.75E-10		2.35E-10				2.15E-11

				405 MeV/c pi+/p High Inetensity

		405 MeV pi/p beam S2=2.5MHz Flux=8 10**7 (scint)										7.80E+07

																sigma		error

		90		27		28.21		120		248		5.17E-08				2.65E-08		1.68E-09

		95		34.4		35.95		120		127		2.65E-08				1.36E-08		1.20E-09

		100		39.3		41.07		120		139		2.90E-08				1.49E-08		1.26E-09

		90		39.3		41.07		600		587		2.45E-08				1.25E-08		5.18E-10

		95		50.6		52.87		600		421		1.75E-08				9.00E-09		4.38E-10

		100		60.5		63.22		600		356		1.48E-08				7.61E-09		4.03E-10

		80		86.3		90.18		3600		964		6.69E-09				3.43E-09		1.11E-10

		90		174		181.82		3600		168		1.17E-09				5.98E-10		4.62E-11

		100		259		270.64		3600		52		3.61E-10				1.85E-10		2.57E-11

		110		313		327.06		3600		45		3.13E-10				1.60E-10		2.39E-11
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