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Overview e vl

® Diamond detectors for Beam Condition Monitor (BCM) at the CMS
detector of the LHC.

® Radiation environment at diamond detector locations | n CMS.
® Diamond signal under irradiation.
® Measured detector efficiency as function of dose.

® Single-crystalline vs. poly-crystalline diamonds.

® Charge collection distance (CCD) measurements of ir  radiated
diamonds.

® Measurements of irradiated diamonds using the trans lent current
technique (TCT).
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Diamond detectors used in CMS BCM @' |ﬂ(".

BCM1-type package

Poly-crystalline CVD diamonds (pCVD) are used
as particle detector. 1x1x0.4 cm 3.

Measurement of induced current due to
crossing charged particles.

Additionally a single-crystalline diamond
(sCVD) is installed to compare performance of

: Cross section trough . !
both diamond types. poly-crystalline diamond T

Main purpose is the protection of the Silicon
Tracker from damaging beam loss events.

® [n case of too high beam losses an automatic
emergency beam dump is performed.

BCM2-type package
] o

current meter

o
)

diamond

high valtage
=
200V

metallisation

ionising particle
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Installation in CMS “72 j"’ﬂ(lT
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Radiation environment of detector groups

® Radiation environment
simulated with FLUKA monte-
carlo.

® Radiation damage mostly
inflicted by low energy
neutrons (generated at heavy
calorimeters).

® BCMIL far away from
calorimeters.

® BCM2 on —Z end directly in
front of CASTOR, a heavy
guartz tungsten calorimeter.

® Data is averaged over groups
with same radiation
environment.
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BCM2 +Z
(outer)

BCM2 —Z

.

—— i
BCM2 —Z BCM1L BCM2 +Z
(inner) (inner)

I CMS barrel region
I Heavy calorimeters

s Shielding
B Diamond sensor

charged
neutrons :
particles

BCM1L low medium
BCM2 -Z inner high high
BCM2 -Z outer high low
BCM2 +Z inner medium high
BCM2 +Z outer medium low
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Signal evolution as function of fluence S =S
Assume:
I.Nr. of defects N increases with luminosity L.: N(L) = N0+ KL (1)
o _ _ No: number of
li.Signal decrease proportional to N, i.e. ST} }/I\EZ) initial defects
k: damage
_ _ S, parameter
(2) in (1): }é— }é +KIL or  |§(L)= 1+KILTS, L: luminosity
0 + S: signal
| Preliminary Summary of Proton Irradiations | RD 42 ] ]
§9 . 24GeV proton irradiation CCD “5. charge collsction
S 4ot Y | |CCD(®P)= 0 distance
E wu:—'il \‘g‘ Red Data: strip scCVD - {xsshiftod by <3.8) | 1+ k@b E:CDO d: fluence
%‘ 3500 I[ \‘ Opon Red: pixel seGVD {(x-shifted by -3.2)
E 305';— 3 < ‘;\ Blue Data: strip pCVD . . .
A Hyperbolic decrease implies:
§ 25:!5— i ‘i \‘\\ Biue curve: codsceddi[1+k*phiTced0)
o 2007 " t _
2 150k *?b Fresh crystals, like sScCVD = on steep part,
100 i, fast decrease of signal as fct. of @
su;— - B e J
e SR A i e i

madiation iertspomezy  DA@Maged crystals = slow decrease of signal
Example of hyperbolic damage curve.
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Signal evolution for different BCM positions ﬁr ﬂ(IT
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B Signal normalized to instantaneous luminosity IS used to calculate
detector efficiencies relative to the initial values

W Signal decrease in BCM2 -Z about factor 10 higher than on BCM2 +Z.

Relative efficiencies of all detector groups, 2011 data .
120 . . . . ; FLUKA simulated hadron flux

' BCM2 inner -Z
CMS Preliminary 2011 BCM2 inner +2 Hadron fluence [/cm 2/fb-]
s © BCM2 outer -Z
*  BCM2 outer +2 BCM2 +Z 3.5 * 1012
" BCMIL

3
|

+ BCM2 —Z 7.3 *10%3

: it___:i’ BCM2-Z: 20 times more fluence because of
- Low energy neutros from CASTOR calorimeter

2

Detector efficiency [%6]
&

= factor 4 less signal after 6 fb -1

—®———3% (Note: LHC takes now about 1 fb - per week!)

T i e S S S
Q 1 2 3 4 ] L] 7

Integrated luminosity [fb™"] S(L) = S +offsat offset:
Fit used: 1+ KIS, ~10%

Fit function: SIL) = §,/114+kL"5 J+oftset
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Signal evolution in 2012

Relative efﬁmenmes of aII detector gruups 2011 & 2012 data

110

BﬂMElnner-E
L BCMZ inner +7
a0 * BOCMZ outer -2
*  BCM?2 outer +Z£
E 80 - BCMIL
g 70 _
E 60} 2, -u: 1 _‘—':- — __}_ L
H= e -
B e ST
o J0f b
3 e ?Il-_ +l ’ ‘ ‘ i
il bipdadd § 3T 8- o =2
" %nmiun:m}:shmm-yscjmﬂs;;" :
U‘Df é 1In 2e
With CASTOR Integrated luminosity [fb'1]
20111 2012 Without CASTOR
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For the detectors of BCM1L and
BCM2 +Z the decrease continues in
2012 like in 2011.

CASTOR removed after 2011
® The BCM2 —Z detectors are not in
intense neutron field any more.
® The strong decay does not
continue.

® No change in efficiency
measureable in 2012, as expected
from the fact that they are in the
flat part of the hyperbolic function.
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Energy dependence of radiation damage uj/‘ ;Mb ﬂ(IT
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'i_:'-nllll:nn, .pgn;ntnn :
Silicon, neutron ]

1000 ) ] 01 Sillcon, Ple e« ® Aim is comparison of mixed
| aglm maf'rEFﬂ nﬂiﬁ;ﬁiﬂ . irradiations with n and p at
< B P different energies with mono-
a energetic test beam.
Q 100 -
© .
[ ® Use displacement per atom (DPA)
o calculation of the FLUKA
i simulation package to scale
| | _ . different energies and particles.
0.01 B I:I1 - 1 | 1ﬂ . 1DD

Energy [GeV}

Simulated DPA values for protons,
neutrons and pions in diamond and in
silicon (Thesis: Steffen Miller KIT)
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Signal as function of 24 GeV proton equivalent

BCM signal decrease compared with RD42 irradiation tests
200 200

® Simulate DPA values of the CMS
radiation field at diamond locations
- » 24GeV proton irad (RD42), .
offline CCD measurement (1V/um) | | ;4 and scale to equivalent fluence of 24

— Fit from BCME =Z inner (0.5Vium)
—— Fit from BCM2 +Z inner (0.5V/um) | {120'E GeV protons.

—— Fit from BCM2 -Z outer {0.5V/fum}) =1

—ritom BCM2 42 owter (05vum) | 'Y W Data of different BRM positions on

2

L]
-
L™
L.
-
LT
~~~~~~~~~~
.....
-
™

£ B

8

Signal efficency * CCD,, [um]
8

o i i “©  top of each other within about factor
60 160
| 2-3.
40 |40
20 iz @ Direct comparison with RD42 test
CMS Prefiminary 2012 .
05 : = i beam data shows huge discrepancy

24GeV proton equivalent fluence [em™>]x 10"

Using a hyperbolic fit (without offset) a k value can be calculated:

RD42 BCM1L BCM2l-Z | BCM2I +Z | BCM20 -Z | BCM20
+7

k-fit [umicm?] 6.5x101 5.0x101" 23x10%Y 57x10%Y 1.7x10' 6.8x1017

Discrepancy to test beam between factor 25 and 100.
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Single-crystal vs. poly-crystal

Signal of sCVD and pCVD at BCM2 inner +Z

10 .-
= CMS Prellmmary2012 O PCVD (2011) |
S 9 % sCVD (2011)]
g 8 * SCVD (2012)}
o
£ 7
L Fit function: S(L) = 8,/(1+k*L"S J+c
{ o 0
e
g5
2
0w 4f
°
N 8
£ 2f
2 1

0

0 1 2 3 4

Integrated luminosity [fo™"]

About 3.5 * 10 12 hadrons/cm 2/fb-1
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During 2011 a prototype single-crystal
diamond (sCVD) was placed at the
location of BCM2 +Z

For 2012 this diamond was replaced
by a fresh sCVD .

pCVD metallized in Rutgers with W/TI.
sCVD metallized at GSI with Cr/Au.

Initial signal of sCVD about factor 10
higher than pCVD.

Both sCVD show a much faster
decrease in signal efficiency
compared to the pCVD.

Signal decrease faster than expected
from test beams
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The polarization effect L o \‘(IT
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lonizing particle

Charged trapped

‘%&@@

l Epolarlzatlon
29%6

Trapped charge forms polarization field.
Total field reduced -> signal output is lower.

Effect more pronounced at low HV, at higher HV pola  rization field is less
dominant.

® Flipping the HV will temporarily recover the electr ic field. An alternating
HV will prevent the buildup of polarization.
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CCD measurements of removed diamonds %i;? . ﬂ(".
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pCVD (low damage) pCVD (high damage)
After ~10 13 cm2 hadrons, signal at 70% After ~2 x 10 *cm-2 hadrons, signal at 20%
Field strength, V/um Field strength, V/um
L -0.5 0 0.5 1 L) -0.5 0 0.5 1
- pCVD, P23/ 410um 400 [ pEvo, P21 410um [ 1400
:: " After irradiation |30 z rirradiation |0
_mE_ | = Before irradiation (300 ?{I:— | = Before irradiation (300
P Eﬂf—- = i = —={250 g s 60 = T = T —|250 g
w s0- | 200 7 W 505 | 200 O
2 a0f | - TR P T E— | Q
O 40y - e S ; : . 150
3“:‘””’* ' +*H*” © 3"i+++ ah ' +"!&1uuu
20— -*#q-'i'i'"" T 108 20~ '+¢' . :
10;_. o s i —50 -H]i_. o s : i —{50
n;....l. ...i_..l = ) S S N P U T T N W N |.._j-... -......J..u ui--l- ---i—--l S ) I----l----L---! I ST S PO T i . -...-.-J-u
-400  -200 0 200 400 -400  -200 0
Bias voltage, V Bias voltage, V  Operational

point
® No significant change in CCD, does not explain sign  al decrease.

® “Highly” damaged pCVD shows CCD reduction at “low” HV
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CCE, %

CCD measurements o ™
"rJ-L | I
with alternating polarity HV ﬂ(l

"-'.'. M=
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Field strength, V/um Field strength, V/um
100~ 0.5 o 0.5 ) a0 0 02 04 06 0.8 1 1.2

, P21, 410um 1004 = —=
gn%- peVD, P21, 410um | - ietion o ook | pCVD, P21, 410um o HiGhi pesk 400
BO;
:: . . Baa‘l'l.:r-a-lrrud.iu.tlm?_:;: E Hﬂi— _ 350
o w0g , TOF = Loft poak 0
;ﬂ}t r JJiq0 0 O 605 ' i
a0t v .l.* '.@ g 100 H su:._ o e o 200 n"
10 i 50 = i - o Q

. 40 ]
Bias voltage, V 20 s | *— 100
'H:IE_* : : 50

1 SO IR T | P LY T LN N RN S R R
USE ALTERNATING POLARITY HV 20 100 200 300 400 500
Bias voltage, V

® Polarization can’t build up.
® Signal is recovered -> reduction due to polarizatio  n.
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CCD measurement of sCVD diamond

CONSTANT HV
Field strength, V/um

1 -0.5 0 0.5 1
100 eVD, SC1, 460um | | 1450
90;- + , 4400
Bu!— + + i + ML _535[]

o TOHT T4 " 300
& goE-besi M : +'._'+--' :

o F ¥ ,‘. 250
W 50 ?+ + Egﬂ.n
8 40 +i +

30 LY ~1150
20 " 71100
105 50
u :—J.i .i.'..-.l..l.-|.|..|.-'\..J bl I.J il |..I.J bkl l.l. hod |.'r.|.|.a..|..!. ¥ I..-.'..n..--L
-400-300-200-100 0 100 200 300 400 500

Bias voltage, V

100~
90
80

T0:
60
L S -
405 | scCVD, SC1, 460um |
30F

20-
10-

ALTERNATING HV
Field strength, V/um

D1 [12 03 I'.]dl DS ﬂ'E ﬂ? I.'IB I'.]H

O XIT
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*

= Right peak

m Lefi peak

#HH . o

1100
(350

50 100 150 200 250 300 350 400 45&'

Bias voltage, V

B After ~2.3 x 10 3 cm-2 hadrons, signal was down to 10%
® CCD reduced, but recovered with alternating polarity HV
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TCT measurements @D&ﬂ(“’
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® With the transient current technique (TCT) pulse shap  es are
measured in order to determine the internal electric fie Id.

® Aradioactive a-source generate a signal which is amplified and
send to a scope. Priming done with Sr-90 source.

® Single traces recorded with PC. Data averaging in post
processing. y

Bias
Tee Amplifier SCcope

™,

I
|
l
50dB _I,.\ ¥
|
|
1

a
source

_
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TCT scan of sCVD JL}&(IT
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sCVD diamond, 200V, hole drift, with Sr-90 source for polarizing
140 T '

Minutes since startf[— 1.2
120 } of measurement |— g9 |
—15.9
100 — 22,9}
| —30.1
< B0} 37.3f
E — 44 .4
= 60} —51.1]
c
Lo
a 40t
20t
0
-20
-5 20

Curve Chaes with time

® First pumping of the diamond without HV.

® Sr-90 source used for filling traps. Trigger thresh old above f-signal

® Weak Am-243 source used to probe the electric field

® Decrease in signal height and longer drift time. -> reduced electric field.
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TCT scan of sCVD ﬂ(".

B <arisruhe n e of Technology

Polarizing with only Sr-90 Switch HV off afterwards
sCVD diamond, 200V, hole drift, after polarizing for 30 min 5 SCVD diamond, HV OFF, electron drift
i ' : : : - Minutes since HV r::-ff| —0.9
120 | :iz
o] 40 1 HV OFF' 6o
— 80
| fE
g ao b % 1 ) SESTITTE: 17 A i, St WS, 5, NTTSTPOIPR SOV
20 | . |
10}
0 : j
G~ 0 5 10 15 20 ﬂ_é""""“f ,}
time [ns] time [ns]
® Applying MIP source for additional ® Only polarization field left.

30 minutes (without a-source) and  m Clear signal (with opposite polarity)
measurement only with  a-source L
W Polarization field over whole

(MIP-so.urce removed)_. diamond bulk, disappearing with
® Only spike left of the signal. time
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Rate dependency of efficiency

Change in BCM efficiency over fill 3236

2.2 R
« BCMZ2 inner -Z |
ar CMS Preliminary 2012 BCM2 inner "'3!
>, i ) ..
2 18l ® Signal efficiency lower at
2 high rates.
B 1.6f | J . .
2 ® Possible explanation:
3 Polarization less strong at
Z 12l R | low rates.
(5 e rapl EEEIB‘,;* . . .
R e e ® Effect under investigation.
0 1000 2000 3000 4000 5000 6000 7000

Luminosity (measured by BLM) [10% em™2s™)

| [ | | [ [ [ |
0 27 54 81 10.8 13.6 16.3 19.0 x 107
Simulated MIPs [cm -2s71]

>
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Conclusions ottt

20

Decrease in detector efficiency stronger than expected. Decrease
of measured signal greater than decrease in measured C  CD.

® Most likely: strong polarization in high rate envir onment
sCVD sensors initially much more efficient, but loose their relative
signhal much faster than pCVD.

Polarization effects showing up at quite low fluence s O(~10%* cm-?)
for pCVD and O(~10 *? cm-?) for sCVD in these measurements.

® Not yet determined if surface or bulk effect. Repro  cessing could
solve surface problems.

® |f surface effect, will it come back with irradiati on?
® [nvestigation of various surface treatments of inte rest.

Alternating polarity HV prevents polarization. Is this a real option
with bipolar readout electronics?
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Simulates particle spectra s et

BCM Neutron Spectra

1e+14 ‘
eI BERE IS | @ Neutrons below 100MeV much
2 o ﬁi";“m%x%g ch'é‘.’éﬂiﬁﬁéﬂfﬁﬂﬂi _ increased on BCM2 —Z
“o tewn| compared to BCM2 +Z
|E = .
§ "% (BCM2 47 e ® Neutron content in BCM1L
2 o
§ 10000 |- BN lower than at BCM2
100 |7 T€V beam energy ?*“%g‘ |
CASTOR installed on -Z Wy
}e-OB 1e1-06 0.0001 0.101 I1 1;30
Energy [GeV]
BCM2 Charged Particle Spectra
1e+12 T . T ‘
relimina BCM2 outer +Z charged .
B scuzouerzoreeed | W@ Charged particle flux the same
< o o ML oharged - for BCM2 on +Z and on —Z.
3 1e+08 e 1
f: - ® Castor does not produce
§ %L L charged particles
%‘ 10000 -
100 1 7/ TeV beam energy x|
CASTOR installed on -Z "ﬁ%
:]I e-08 1e-06 lJ.0I001 0.I01 :l 1 60
Energy [GeV]
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Linearity of the system and normalization N ﬂ(".

Je=05

' Testbeam with

1e-06 |

1e-07 |

Detector current [ A
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a0
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Signal [nA]

40
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20MeV electrons
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behaviour

hf

S.Mdller [1]

Simulation expectation
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x

100000 1e+08 Te+07
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Alice M
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s

BCM2 data vs. Instantaneous luminosity, fill 1882

* [ata -Z
& Data +Z
Fit =Z

Fit +Z

CMS praliminary 3011

0
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00 700 BOO BOO 1000 1100
Luminosity [Hzfub]

1200 1300 1400

4 Nominal —_—>
luminosity

Jollo

>

Expected
signal at
1034

>
1034 cm2st

Lumi

1e+10

Luminosities were very different over the last two years.
It is needed to normalize the signal to the luminosity.
The system is tested to be linear.

For every analyzed fill a linear fit is applied to the
correlation between signal and luminosity.

An extrapolation of this fit is used to obtain an expected
signal at nominal luminosity. These normalized
numbers can be compared.

A zero offset constrained fit is used for an estimation of
the systematic error on this method.
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Changes in 2012 run h p \‘(IT

® All detectors stayed the same.

® LHC went to a higher beam energy. 3.5 TeV -> 4 TeV
® The measured signal relative to instantaneous luminosity increases
slightly.
® The received radiation damage increases slightly.
® The CASTOR detector was removed.

® Due to the strong decrease in neutron flux at the BCM2 —Z location the
signal decreases as well.

® BCM2 on the —Z end and BCM2 on the +Z end are now in a comparable
radiation environment.

® Still the BCM2 detectors are much more pre-damaged. Hence the signal is
still very different.

® The expected signal can be calculated from results of FLUKA monte-
carlo simulations. This can be used to correct the the data and make a
comparison of 2011 and 2012 data possible.
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2011 and 2012 data uncorrected “745"? Lféf ﬂ("‘

Relative signal of all detector groups, 201142012 data

120 :
o BOM2 inner -2
CMS Preliminary 2012 BCMZ inner +&
1008 " BCMZ outar -£ ||
= BOM2 outer +£
A - BCMIL
= 80
% E x ::
s &0 ¥
o i ¥ 'y
-.E L ™
E -
E 40F % . -
Sy L4
20F o d - i
/ ® E
0 f 5 10 15 o 20
| Integrated luminosity (6] \Without CASTOR
With CASTOR

® 2012 data not corrected for different signal due to changed radiation
environment.
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Signal as function of trap density

Detector efficiency [%]

27

Relative efficiencies as function of trap density
1 1 0 1 1 T I
CMS Preliminary 2012 | © BCM2inner-Z
100 - : BCM2 inner +Z ||
* BCM2 outer -Z
90 * BCM2 outer +Z ]
sol BCM1L
701
601
50
401
30 e e e S R R R S R R T e e R T
1| S s
Fit function: S(L) = Sof(1 +k*¢‘30}+offset
O 1 1 1 1
0 1 2 3 4 5

Trap density [trapslcmg]

x 10

O XIT

Karlsruhe Institute of Technology

The number of traps

introduced by radiation at a

given integrated luminosity can

directly be simulated using

FLUKA simulations.

® [n FLUKA the displacements

per atom (DPA) scoring is
used.

All detectors should now be on

the same curve.

BCM1L and the BCM2 +Z
detectors agree within the
given errors.

The simulated trap density for
the BCM2 —Z detectors seem
to be roughly factor 2 too high.
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Signal as function of trap density

full scale

® BCM2 —-Z damage in 2012 small compared to 2011.

28

Detector efficiency [%]

17.12.2012

Relatlve efhmenmes as function of trap densny

Flt func‘tlon S(L)

CMS Prellmlnary 2012

9]

BCM2 inner -Z

BCM2 inner +Z ||

BCM2 outer -Z

BCM2 outer +Z ||

S f(1+k o*S }+offset

| 1

0

0.5
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Rate dependency of efficiency

Change in BCM efﬁmency over fill 3236
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® Plotted: Averaged signals of BCM2 +Z and

2.2 e - . :
s BCMZ inner _zi —Z, divided by collision rate, as function of
oF CMS Preliminary 2012 BCM2 inner +Z collision rate.
@ 3 a: ® Error bars are standard deviation of the
@ - : : . average, showing variation of this effect
£l Data from one single LHC fill within one group is small.
2 ® Simulated particle fluence after 25.0fb -1
S 14 W BCM2 -Z: 2.3 x 1015 24GeVprot.eq./cm 2
E 1.2t :'-@T.Ei; | ® BCM2 +Z: 3.0 x 1014 24GeVprot.eqg./cm 2
@ 2 iﬂ}}ﬂi . e rr— ® Expect signal being linear with lumi (ratio
1 s i T s in this plot should be constant.)
i _ _ : : : : . W Significant increase in efficiency at lower
"0 1000 | 2000 3000 4000 5000 ggnn Eﬂﬂ? rates
Lumingsity (measured by BLM) [10™ cm s i ® Could possibly be explained with polarization
I I I I I I I I being not as strong at lower rates.
0 27 |54 81 108 13.6 16.3 19.0 x 107 . .
Simulated MIPs [cm 2s-1] W Effect seems to be stronger in detector with
_ _ _ _ higher damage (BCM2 -2).
Luminosity | Normal luminosity span ® Possible other reasons for non linearity:
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