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Abstract

A numerical prediction of the operation of the ATLAS barrel silicon microstrip detector is done
with three scenarios of applied voltage on the detector. These scenarios approximately correspond
to the operation of p-on-n and n-on-n detectors. Various operational parameters are examined to
see the effective operation period of the system.

1. Input parameters

Table 1 Integrated fluence

1.1 Fluence Radius Integrated Flu-
[mm] ence
The neutron equivalent fluence listed in ATLAS ID-TDR [neq/cmz]

p.394 is used [1]. Low luminosity operation at 1033cms
1is assumed for the first three years, then operation at
L=10%* cms! follows in subsequent years. Total fluxes 373 1.03 % 101
for initial ten years are listed in Table 1.

300 1.30 x 1014

447 0.85 x 104
Fig.1 shows the integrated fluence as a function of oper-

; 520 0.77 x 1014
ating year.
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Figure 1 Integrated neutron equivalent fluence [1]. 50% more case (x1.5 fluence) is shown for r=300 mm. Shade
indicates operation periods.



1.2 Accessscenario

The temperature of the detector plays an important role. It is assumed to approximately follows
the standard access scenario (SAP) proposed in the TDR [1]:

Number of days 100 100 2 14 149 days
Detector status operation off access maintenance off
Temperature of detector ~-7 -7 + 20 +17 -7 °C

1.3 Detector annealing parameters

Parameters for the long term behavior of the silicon detector are taken from the TDR Table 11-5 (p
402) [1,2]. Although the short term beneficial annealing is neglected in TDR, it is maintained in the
present calculation since its effect on the depletion voltage is not negligible during the period of
detector operation [3]. The formula used for the change of depletion voltage are
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where N, = 5x10™/cm®, £ =116,
Neo = 1.96 x 10" /cm®, ¢ =229x10"%cm?,
gs = 0.0193/cm, gc = 0.046 /cm,
19 = 70 day, gy = 0.0177/cm,
_ 31 _
ko = 520cm™s ~, E, =131 eV,

T is the detector temperature, d is the detector thickness, t is the elapsed time, and @ is the inte-
grated neutron-equivalent fluence.

1.4 Bulk leak current
3000 T T

C. Buttar and J. Carter [4] recently measured 2500 O e /
the bulk leakage current of both p-in-n and n-
in-n detectors irradiated to 3 x10%* protons/ = 2000
cm?, which approximately corresponds to 2 > .
x10% ngy/cm?; o 100 j—
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I(leak) at 0°C 1346 1507 1777 pA 50
Figure 2 show the data and its polynomial fit 8 w0 w0 o w0 o 00
which is used in the calculation. The current is T
assumed to be proportional to the integrated

fluence ®. The actual leakage current depends  Figure 2 Bulk leakage current as a function of appliezd
on the detector temperature; voltage for irradiated detector of 62 x 62 x 0.3 mm*“.

The solid line if a polynomial fit.

i o« T2 exp(—Ey/ 2kgT) ,

where Eg issetto 1.23 eV.






2. Scenarios of the applied voltage

In order to calculate the yearly performance of the detector, one has to determine the strategy of
the applied voltage on silicon detectors. Three cases are assumed,;

case-A: V(apply) = V(dep) ,
case-B (p-on-n): V(apply) = V(dep) + 100 V,
case-C (n-on-n): V(apply) = V(dep) but V(apply) <300V,

where V(dep) is the predicted depletion voltage at the end of each yearly operation period. The
applied voltage V(apply) is kept constant throughout each operation. When V(dep) is less than
100V, the minimum applied voltage is set to 100 V for all scenarios. The

Case-B approximately corresponds to the voltage scenario for the p-on-n detectors, while case-C
may be close to that for n-on-n detectors. Additional 100 V in the case-B includes possible spread
of depletion voltage prediction of irradiated detectors. The limit 300 V is chosen for case-C conser-
vatively for safe operation [5].

3. Calculation

The present numerical calculation is done in following way;
1. Calculate the integrated fluence @ as a function of operating year.

2. Calculate the depletion voltage V(dep) by taking the time dependence of the detector tem-
perature into account.

3. Set the applied voltage V(apply) according to the rules for each scenario. The predicted
V(dep) at the end of the coming run is used in determining the applied voltage.

4. Estimate the bulk leak current at 0°C using the polynomial fit to the measured voltage de-
pendence of the leak current (see Section 1.4). Then the bulk heat generation q(Si)q at 0°C is
calculated by multiplying the applied voltage and the leak current.

5. The various operational parameters, temperature T, total bulk heat, total bulk current and
maximum strip current, are calculated from the value of q(Si)q using the polynomial fits to
the thermal simulation results (see Section 1.6).

4. Yearly profilesand detector life
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17°C)

In the calculation of the depletion voltage, the second-order effect of operating detector tempera-
ture, namely non-uniform temperature distribution over silicon detector may create non-uniform
depletion voltage. But it turned out small (less than 10 V) as long as detector temperature are near
or below -5°C. This is consistent with the observation shown in Figure 7.
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Figure 8 Predicted depletion voltages V(dep) at various radii and for nominal fluence (top 2 graphs) and 1.5 X flu-
ence (bottom 2 graphs). 1st and 3rd graphs are for T(cool)=-10°C while 2nd and 4th for -15°C.



4.2 Applied voltage

Now the depletion voltage is known as a function of year, the applied voltage is determined ac-
cording to the scenario described in Section 2. For cases A and B, the applied voltage is always
above V(dep) to get good charge collection efficiency, but the limit may comes from the maximum
operating voltage, for example 500 V.

In Case-C in which V(apply) is < 300V, the applied voltage eventually becomes lower than V(dep)
in later years. Figure 9 plots the ratio Ry = V(apply) / V(dep) at various radii for two fluence case.
The proposed n-on-n detector still works below V(dep) but one has to watch this ratio carefully.
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Figure 9 The voltage ratio R\,=V(apply)/V(dep) for the case-C (300V limit). Top for nominal flux, bottom for 1.5 X
flux. Both for T(cool)=-15°C. Ratios are plotted only for the operational periods.

4.3 Operation parameters

A standard plot with various operation parameters (Voltage, Temperature, Total power in Si bulk,
Total leak current and Maximum strip current) is made for each set of environmental conditions.
Only representative plots are shown as follows;

T(cool) =-10°C T(cool) =-15°C
Fluence Radius nose coverall nose coverall
nominal 300 mm Figure 13 Figure 14 Figure 15 Figure 16

520 mm Figure21 - | seeem e
1.5 x nominal 300 mm Figure 17 Figure 18 Figure 19 Figure 20
520 mm Figure22 - | e oo

Summaries of the thermal profile are shown in Figure 10 for -10°C and Figure 11 for -15°C both at
1.5 X nominal fluence. One can see survivability of the detector system from these figures.
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Figure 10 Yearly profile of detector temperature (left-top corner) for 1.5 X nominal fluence and T(cool)=-10°C. Top
graphs are for the module type “nose” and bottom for “coverall”.
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Figure 11 Yearly profile of detector temperature (left-top corner) for 1.5 X nominal fluence and T(cool)=-15°C. Top
graphs are for the module type “nose” and bottom for type “coverall”.



4.4 Lifeof thedetector unit

Now we are going to apply two operation limits to these yearly profile to get operation periods.
The criteria used to determine the operation life are

V-limit : V(apply) <500 V for Cases A and B, V(apply)/V(dep) = 0.70 for Case C,
T-limit : Temperature of the left-top corner < 0°C.

These two limits are regarded as “critical” limits on detector operation, while other operational
parameters such as total heat generation (Qsi), total leak current (Isi) and strip current (Istrip) are
considered to be not fatal in the detector operation in this study.

The maximum applied voltage is set at 500 V since there are little experience of operation above
this value. In addition, the bulk leakage current seems to rise rapidly at around 500 V as indicated
in Figure 2. For Case-C (n-on-n), the ratio V(apply)/V(dep) is required to be above 0.70 for decent
charge collection. It is set to 0.70 instead of 0.5 to absorb the uncertainty in the VV(dep) prediction
(just like Case-B in which V(apply) is set to 100 V above V(dep) to accommodate the possible
V(dep) uncertainty).

The T-limit (temperature limit) is set to 0°C because all the temperature profiles as a function of
year show fairly rapid increases to thermal runaway points once it reaches at 0°C.

Table 3 is the summary of the operational years (=life) of the detector unit obtained by applying
the above operational criteria. In the table, for example, life “12 E” means the corresponding crite-
rion is violated in between 12-th and 13-th operational year. life “11.5” indicates the criterion is vi-
olated during the 11-th year operation. Two lives (V-limit life and T-limit life) are shown in each
case.

Table 3 Operation period (life) in unit of operating years. Column V-limit shows the life due to the voltage limitation
and column T-limit shows the life due to thermal limitation. In the table, life “12 E” means the corresponding crite-
rion is violated in between 12-th and 13-th operational year. life “11.5” indicates the criterion is violated during the
11-th year operation.

Nominal Fluence 1.5 X Nominal Fluence
radius| V(appl) | T(cool) = -10°C T(cool) = -15°C T(cool) =-10°C T(cool) =-15°C
(mm) |scenario| ™y, T-Limit V- T-Limit V- T-Limit V- T-Limit

Limit| nose [coverall|Limit| nose [coverall |LiMit| nose [coverall|LiMit| nose |coverall
case A | 13E | 13E 14E 14E | 14E 15E 10E | 10E 11E 11E | 11E 12E
300 case B | 12E | 12E 13E 12E | 145 15E 10E 9E 10E 10E | 10E 11E
case C | 13E | =16 >16 13E | =16 >16 10E | 155 >16 10E | =16 >16
case A | 15E | 15E >16 >16 | =16 >16 12E | 11E 13E 12E | 13E 14E
373 case B | 14E | 14E 15E 14E | >16 >16 11E | 115 12E 11E | 12E 13E
case C | 15E | =16 >16 15E | =16 >16 12E | =16 >16 12E | >16 >16
case A | 216 | =16 >16 >16 | =16 >16 14E | 13E 14E 14E | 15E >16
447 caseB | =16 | =16 >16 >16 | =16 >16 12E | 12E 13E 12E | 14E 15E
caseC | 216 | =16 >16 >16 | =16 >16 13E | >16 >16 13E | >16 >16
case A | 216 | 216 >16 >16 | =16 >16 14E | 14E 15E 15E | >16 >16
520 | caseB | 216 | >16 >16 >16 | =16 >16 13E | 13E 14E 13E | 155 >16
caseC | 216 | > 16 >16 >16 | =16 >16 14E | >16 >16 14E | >16 >16

There remain some warnings about the detector operation as high as 500 V. To evaluate the depen-
dence on V-limit, it is changed from 300 to 500 V for the case-B (p-on-n) as shown in Table 4.
Roughly speaking, each 100 V increase in V-limit extends the detector life by one or two years. It is
also noted that there is very little dependence on the cooling temperature 110°C or -15°C.



Table 4 Dependence of life on the V-limit voltage (300, 400 and 500 V) for Case-B (p-on-n).

Nominal Fluence 1.5 X Nominal Fluence

radius| VV(appl) -10°C -15°C -10°C -15°C

(mm) |scenario V-limit V-limit V-limit V-limit
300V 400V 500V [300V 400V 500V [300V 400V 500V |[300V 400V 500V
300 | caseB | 9E 11E 12E | 9E 11E 12E | 7E 8E 10E | 7E  8E  10E
373 | caseB | 11IE 13E 14E | 11E 13E 14E | 8E 10E 11E | 8E 10E 11E
447 | caseB | 12E 14E >16 | 12E 14E >16 | 9 11E 12E | 9E 11E 13E
520 | caseB | 13E 15E >16 | 13E 15E >16 | 10E 12E 13E | 10E 12E 13E

“Combined life” is defined to be the shorter one of the two lives. Figure 12 shows graphically the

combined lives of the cases B and C.
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Figure 12 Combined lives of the SCT detector at various radii for nominal (top) and 1.5 X nominal (bottom) fluence.
Module type: nose. T(cool)=-10°C.

5. Points of observation

1. The depletion voltage increases non-linearly due to the increasing contribution by the
anti-annealing term in later years [Figures 7 and 8].

2. The evolution of depletion voltage shows little difference for two cooling (actually con-
tact) temperatures T(cool) of -10°C and -15°C [Figure 8]. This is because almost all the anti-
annealing part is increased by the warm-up during the access periods [Figure 7].

3. Two fluence scenarios (nominal and 1.5 X nominal) generate a large difference in deple-
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tion voltage prediction [Figure 8]. For example, at r=300mm and after 10-th year opera-
tion, the predicted depletion voltage is ~200 V for nominal fluence as opposed to ~400 V
for 1.5 X nominal one.

4. The yearly profile of detector temperature shows rather flat and stable behavior except
last one or two years before its catastrophic end of thermal runaway [Figures 10 and 11].
This somewhat unexpected profile can be qualitatively explained by the multiplicative
combination of three evolutions: (1) non-linear growth of depletion voltage (and applied
voltage), (2) increase of leakage current as applied voltage [Figure 2], and (3) non-linear
response of detector temperature [Figure 5].

5. The operation life of the detector unit is in general determined by the voltage limit (V-lim-
it) rather than the thermal limit (T-limit) [Table 3]. Especially in Case-C (n-on-n like), the
voltage limit Ry, > 0.70 is violated many years before the year of thermal limit. This is a
natural consequence of its restriction of V(apply) < 300 V. In Case-A and -B (p-on-n like),
however, the thermal and voltage limits occur in the similar year range. Thus one can em-
pirically say “500V limit ~ thermal limit” for the module type nose.

6. Thermally stronger module type “coverall” extends the thermal-limit life by one year
[Table 3]. One can also extend the thermal life one more year by lowering the cooling tem-
perature from -10°C to -15°C [Table 3].

7. The life strongly depends on the detector radius. There are generally two-year differences
between the lives of ring-1 (r=300 mm) and ring-2 (373 mm), and one year step each be-
yond [Table 3 & Figure 12]. So the ring-1 dominates the life of the detector system.

8. The value of V-limit strongly affects the overall life of the detector unit. The limit change
from 500 V to 300 V will shorten the life by about 3 years in Case-B (p-on-n like) [Table 4 &
Figure 12]. Therefore the capability of HV operation up to 500 V is important for long life.

9. Optimization

Based on the several points listed above, it becomes clear that the voltage to be applied on detec-
tors is the main and key limiting factor for the life of detector operation. In the case of p-on-n de-
tectors, the strong dependence of the life on the maximum applied voltage indicates a need of
stable operation in the range of 300 to 500 V.

If the stable operation of such a HV range is not guaranteed, it is recommended to use n-on-n type
detectors for long life of operation. The strong dependence of life on the detector radius suggests
that a optimum solution for longest possible life of the system operation is

= to use n-on-n type for inner one or two rings, and

= to employ p-on-n detectors in outer regions of radius.
This combination avoids the detector operation at higher voltage range near 500 V, while it ex-
tends the operation life at smaller radii.

For example, if 400 V operation is reachable as a reasonable guess, the operational life of the com-
bination of n-on-n for ring-1 and p-on-n for rings 2-4 will be 10, 10,11 and 12 years for rings 1,2,3
and 4, respectively, even for the case of 1.5 X nominal fluence case (see Figure 12).

Operation at lower temperature or use of thermally stronger module type will extend the life by
another one or two (but not more) years. Application of these improvements on inner rings is also
recommended.

-11 -



10. Summary

The operation of the ATLAS barrel silicon microstrip detector is predicted under the various exter-
nal conditions;
= nonimal fluence and1.5 X niminal fluence,

= detector locations at r = 300, 373, 447 and 520 mm,

= cooling contact temperature at -10°C ans -15°C,

= two barrel module types “nose” and “coverall”,

= standard access scenario of 2 days at 20°C and 14 days at 17°C,

= three scenarios of the applied voltage V(apply);

case-A: V(apply) = V(dep),
case-B (p-on-n): V(apply) = V(dep) + 100 V ,
case-C (n-on-n): V(apply) = V(dep) but V(apply) <300V,

Identical set of the evolution parameters as described in TDR is used except an additional term for
short-time annealing. To evaluate the power generation in the bulk, the voltage dependence of the
leak current recently measured is used. Results from thermal model simulation are also used to
predict the thermal behavior of the module.

The study has revealed number of interesting observation such as
< non-linear increase of depletion voltage in later years,
= little difference in depletion voltage at -10°C and -15°C operation,
= stable thermal behavior up to the last 1~2 years of operation,
= the voltage limit as a main reason for life,
= one year extension of life by coverall type and/or -15°C operation,
= strong dependence of life on detector radius,

= strong dependence of life on maximum attainable volatge in case of p-on-n type.

Based on these observations, the author recommends a combined configuration of detector types
as an optimum solution including a safety margin for detector operation.
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Figure 14 Operation at nominal fluence, r
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Figure 15 Operation at nominal fluence, r
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Figure 19 Operation at 1.5 X nominal fluence, r
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