
S
ta

tu
s 

of
 T

W
R

 C
al

ib
ra

tio
n 

an
d 

R
ec

on
st

ru
ct

io
n

1.
 T

W
R

 h
it 

pr
od

uc
tio

n
2.

 C
al

ib
ra

tio
n

3.
 R

ec
on

st
ru

ct
io

n
4.

 C
om

pa
ris

on
 T

W
R

-M
uD

aq

Ji
w

oo
 N

am
 (

U
.C

. I
rv

in
e)

T
W

R
 W

or
ks

ho
p 

/ A
M

A
N

D
A

 m
ee

tin
g 

@
 M

ad
is

on
Ju

ne
 2

4-
30

, 2
00

3



 D
et

er
m

in
e 

ca
lib

ra
tio

n 
co

ns
ta

nt
s 

(α
, t

0,
 β)

 T
W

R
 H

it 
(L

E
, T

O
T

, Q
) 

E
xt

ra
ct

io
n 

F
ro

m
 W

av
ef

or
m

 T
im

e 
of

fs
et

 c
or

re
ct

io
n,

 d
t =

 L
E T
W

R
 -

  L
E

M
uD

aq

 P
ro

du
ce

 n
ew

 F
2K

 fi
le

 w
ith

 T
W

R
  H

it 
in

fo
rm

at
io

n

 H
it 

C
le

an
in

g 
 C

al
ib

ra
tio

n
 R

ec
on

st
ru

ct
io

n

 A
na

ly
si

s

S
am

pl
e 

: 
 H

ig
h 

M
ul

tip
lic

ity
 D

at
a 

w
ith

 S
ca

le
d 

M
24

 R
70

52
-7

13
3 

 (
Ju

st
 A

fte
r 

F
ix

in
g 

bu
g 

in
 M

er
ge

r)



T
hr

es
ho

ld
B

as
el

in
e

Q

T
O

T

LE

F
in

e 
LE

 is
 d

et
er

m
in

ed
 b

y 
in

te
rp

ol
at

in
g 

 
be

tw
ee

n 
tw

o 
di

gi
ts

 n
ea

r 
th

re
sh

ol
d

B
as

el
in

e 
: U

se
 m

ea
su

re
d 

va
lu

e 
fo

r 
ea

ch
 O

M
  

T
hr

es
ho

ld
 : 

S
am

e 
as

 M
uD

aq



T
im

e 
O

ffs
et

s 
be

tw
ee

n 
T

W
R

 a
nd

 M
uD

aq
 fo

r 
ea

ch
 O

M
s 

ar
e 

m
ea

su
re

d 
by

 
fit

tin
g 

th
e 

dt
 =

 L
E T

W
R
 -

  L
E

M
uD

aq
  di

st
rib

ut
io

ns
.

A
ll 

O
M

σ=
3.

5 dt
 (

ns
)

dt
 (

ns
)



dt (ns)

N
um

be
r 

of
 E

ve
nt

A
ll 

O
M

s 
in

 th
e 

ev
en

t i
s 

sh
ift

ed

 U
ns

ta
bl

e 
O

ffs
et

 (
dt

 =
 L

E T
W

R
 -

  L
E

M
uD

aq
 ) 

 is
 o

bs
er

ve
d.

 

 A
bo

ut
 1

0%
 o

f E
ve

nt
 o

ffs
et

 is
 fl

uc
tu

at
ed

 b
y 

a 
fe

w
 h

un
dr

ed
 n

s.
 It

 m
ay

 n
ot

 a
ffe

ct
 to

 r
ec

on
st

ru
ct

io
n 

its
el

f.

A
 d

ot
 r

ep
re

se
nt

s 
dt

 o
f a

nO
M

st
ab

le
 e

ve
nt

s



 R
un

 D
ep

en
de

nc
e 

of
 d

t
.

 m
ea

n 
dt

 d
rif

ts
 a

bo
ut

  w
ith

in
 

±3
ns

 s
ig

m
a 

is
 v

er
y 

st
ab

le

M
ea

n(
dt

) 
vs

. R
un

 n
um

be
r

S
ig

m
a(

dt
) 

vs
. R

un
 n

um
be

r



O
M

 n
um

be
r

Sigma(dt)

BAD OMs Good OMs

6n
s

B
A

D
 O

M
s:

32
4 

32
6 

33
0 

33
1 

33
2 

 3
68

 3
89

  3
90

 3
91

 
40

9 
41

5 
44

2 
44

4 
46

3 
46

5 
48

0 
48

9 
52

2 
52

8 
53

1

A
ll 

E
le

ct
ric

al
 C

ha
nn

el
s



O
M

  σ
   

  r
ea

so
n

 7
6 

  6
.7

60
   

U
ns

ta
bl

e 
32

4 
 6

.4
50

   
 A

 li
ttl

e 
U

ns
ta

bl
e

32
6 

 8
.7

90
  

33
0 

 6
.7

30
 

33
1 

 6
.7

70
 

33
2 

 7
.4

50
 

33
9 

 6
.3

20
   

 U
ns

ta
bl

e
36

8 
 8

.1
50

   
 M

is
 m

ap
pi

ng
38

9 
 1

0.
10

 
39

0 
 1

6.
54

0 
->

 A
lre

ad
y 

K
no

w
n 

in
 M

uD
aq

39
1 

 6
.5

90
  -

>
 A

lre
ad

y 
K

no
w

n 
in

 M
uD

aq
40

9 
 6

.7
10

  -
>

 A
lre

ad
y 

K
no

w
n 

in
 M

uD
aq

41
5 

 8
.4

40
  

44
2 

 6
.5

30
   

 U
ns

ta
bl

e
44

4 
 1

1.
22

   
 U

ns
ta

bl
e

46
3 

 6
.4

40
   

 U
ns

ta
bl

e
46

5 
 7

.8
70

   
 U

ns
ta

bl
e

46
8 

 4
.1

70
   

 D
ou

bl
e 

m
ap

pi
ng

48
0 

 2
0.

92
   

 U
ns

ta
bl

e
48

9 
 8

.2
20

   
 U

ns
ta

bl
e

52
2 

 8
.0

90
   

 U
ns

ta
bl

e
52

8 
 1

6.
28

   
 U

ns
ta

bl
e

53
1 

 1
6.

98
   

 U
ns

ta
bl

e
53

3 
 6

.2
60

   
 U

ns
ta

bl
e

68
0 

 6
.3

40
   

 U
ns

ta
bl

e

S
ta

bl
e 

O
M

U
ns

ta
bl

e 
O

M

U
ns

ta
bl

e 
O

M
digit

T
im

e 
( 

10
ns

 )

E
le

ct
ric

al
 s

ig
na

ls 

O
pt

ic
al

 S
ig

na
ls

O
M

 4
68

: D
ou

bl
eM

ap



T
B

E
G

IN
 2

00
3 

11
5 

78
60

8
E

M
 1

16
 7

05
2 

20
03

 1
15

 7
86

09
.9

38
71

80
00

 0
H

T
 2

 4
27

 1
 0

 2
21

90
 5

31
 2

H
T

 4
 5

62
 2

 0
 2

23
90

 6
08

 2
H

T
 5

 6
3 

3 
0 

22
72

9 
43

5 
2

H
T

 6
 9

8 
4 

0 
22

81
3 

47
3 

2
...

...
..

W
F

 2
.0

0 
14

8 
0 

88
 2

08
32

 1
0 

32
40

 3
24

1 
32

38
...

...
...

W
F

 4
.0

0 
10

8 
0 

...
...

...
...

...
..

T
B

E
G

IN
 2

00
3 

11
5 

78
60

8
E

M
 1

16
 7

05
2 

20
03

 1
15

 7
86

09
.9

38
71

80
00

 0
H

T
 2

   
T

W
R

.. 
 H

IT
.. 

IN
F

O
H

T
 4

   
T

W
R

.. 
 H

IT
.. 

IN
F

O
H

T
 5

   
T

W
R

.. 
 H

IT
.. 

IN
F

O
H

T
 6

   
T

W
R

.. 
 H

IT
.. 

IN
F

O

O
rig

in
al

 F
2K

 F
ile

N
ew

 F
2K

 F
ile

 P
ro

du
ce

 N
ew

 F
2K

 fi
le

 w
ith

 T
W

R
 h

it 
In

fo
rm

at
io

n.
 U

se
 s

am
e 

ev
en

t t
im

e 
as

 M
uD

aq

K
ee

p

R
em

ov
e

N
ew

 H
it 

In
fo

. F
ro

m
 W

av
eF

or
m



  N
pe

 =
 β 

x 
Q

  1
/ β

  i
s 

de
te

rm
in

ed
 b

y 
th

e 
1p

e 
pe

ak
 in

 th
e 

Q
 d

is
tr

ib
ut

io
n.

  1
 p

e 
pe

ak
 is

 o
bt

ai
ne

d 
 b

y 
“ 

M
ax

im
um

 b
in

” 
in

st
ea

d 
of

 fi
tti

ng

Q
 (

pC
)

N
pe

O
M

:1

A
ll 

O
M

1/
β 

=
 M

ax
im

um
 b

in



T

� L
E

T
W

R

� a

�

Q

 A
cc

ur
at

e 
tim

e 
ca

n 
be

 o
bt

ai
ne

d 
by

 c
or

re
ct

in
g 

th
e 

tim
e 

w
al

k

 H
er

e,
  t

he
 α 

 c
an

 b
e 

de
te

rm
in

ed
  b

y 
fit

tin
g 

th
e 

di
st

rib
ut

io
n

LE
TW

R

�

LE
M

uD
aq

� a
M

uD
aq

�

pA
D

C
vs

.
1

�

Q

 R
ef

er
en

ce
 T

im
e.

 If
 Y

A
G

 d
at

a 
ex

is
ts

, I
t's

 n
ot

 n
ec

es
sa

ry
 

 C
ur

re
nt

ly
 a

lp
ha

 m
ea

su
re

m
en

t i
s 

no
t 1

00
%

 
in

de
pe

nd
en

t  
fr

om
  M

uD
aq

.
 N

ee
d 

Y
A

G
 d

at
a



LE
TW

R

�

LE
M

uD
aq

� a
M

uD
aq

�

pA
D

C
.v

s.
1

�

Q

E
ve

nt
 O

ffs
et

 C
ut

 | 
<

dt
>

 | 
 <

1.
5 

ns
pA

D
C

/Q
  C

ut
 

R
em

ov
e 

Is
ol

at
ed

 P
oi

nt
s 

1st
 fi

t
2nd

 fi
t

LETWR - (LE MuDaq - α Mudaq/ sqrt(pADC) �

1/
 s

qr
t(

Q
)



pA
D

C
 v

s.
 Q

T
O

T
(m

u)
 v

s.
 T

O
T

(T
W

R
)

Q
 v

s.
 T

O
T

(T
W

R
)

pA
D

C
 v

s.
 T

O
T

(m
u)

O
M

 6
00

 (
O

pt
ic

al
)



O
M

 1
 (

E
le

ct
ric

al
)

O
M

 6
62

 (
O

pt
ic

al
)

O
M

 2
00

 (
O

pt
ic

al
)

O
M

  4
80

 (
A

ls
o 

53
1)



A
ll 

O
M

σ=
3.

8

dt
 (

ns
)

dt
 (

ns
)



 B
as

e 
on

 th
e 

st
an

da
rd

 L
1 

re
co

ns
tr

uc
tio

n 
sc

rip
t. 

 (
m

in
bi

as
 r

ec
on

st
ru

ct
io

n)

 B
A

D
 O

M
 C

le
an

in
g 

: 
   

   
S

am
e 

as
 M

uD
aq

 (
16

6)
 &

 
   

   
N

ot
 C

on
ne

ct
ed

 C
ha

nn
el

s 
(5

) 
: 2

7,
 6

0,
61

,1
17

,4
74

   
   

M
is

m
ap

s(
3)

 : 
36

8,
 3

96
, 4

68
 

   
   

N
eg

at
iv

e 
 α 

(3
) 

: 1
64

, 4
80

, 5
31

 T
O

T
 C

le
an

in
g 

: S
ta

nd
ar

d
 M

ul
tip

lic
ity

 C
ut

 : 
 M

>
15

 R
sh

or
tA

m
p 

 : 
S

ta
nd

ar
d

   
   

  2
28

75
-2

00
0 

<
 T

rig
ge

r 
T

im
e 

<
 2

28
75

 +
 8

00
0

 C
al

ib
ra

tio
n 

( 
pC

 -
>

 n
pe

, L
E

 -
>

 1
/s

qr
t(

Q
) 

co
rr

ec
tio

n 
)

 T
im

e 
W

in
do

w
 C

ut
 : 

S
ta

nd
ar

d 
(-

20
00

 : 
45

00
)

 N
pe

 C
ut

 : 
S

ta
nd

ar
d 

 0
.1

<
N

pe
<

10
00

 1
st
 F

it 
: S

ta
nd

ar
d 

  I
so

la
te

 C
ut

 : 
S

ta
nd

ar
d 

 R
ad

iu
s=

10
0:

T
im

ew
in

=
50

0:
N

um
=

1
 2

nd
 F

it 
: S

ta
nd

ar
d



F
2K

 (M
uD

aq
)  F

2K
 (

T
W

R
)

F
IT

F
IT

E
ve

nt
 S

yn
c.

C
om

pa
ris

on

 P
re

se
nt

 A
na

ly
si

s 
S

ch
em

e

 N
ew

S
ch

em
e 

in
 S

ie
gl

in
de

   
   

   
   

   
   

 ?
??

?

de
gr

ee
de

gr
ee

de
gr

ee
ns



E
rr

or
 S

ou
rc

e 
1)

 : F
itt

in
g 

E
rr

or
  

   
   

   
   

   
   

 

de
gr

ee
ns

 E
va

lu
at

io
n 

: P
er

fo
rm

in
g 

th
e 

fit
 tw

ic
e 

w
ith

 s
am

e 
fil

e 

de
gr

ee
de

gr
ee



E
rr

or
 S

ou
rc

e 
2)

 :  
E

rr
or

 o
f d

t  
   

   
   

   
   

   
 

 E
va

lu
at

io
n 

: t
 s

m
ea

rin
g 

st
ud

y 

T
W

R
-M

uD
aq

T
W

R
-M

uD
aq

σ 
=2

ns
 s

m
ea

rin
g

σ 
=4

ns
 s

m
ea

rin
g

σ 
=8

ns
 s

m
ea

rin
g



E
rr

or
 S

ou
rc

e 
3)

 :  
D

iff
er

en
t n

um
be

r 
of

 H
its

 in
   

   
   

   
   

   
   

 
 E

va
lu

at
io

n 
:U

se
 H

its
 if

 b
ot

h 
of

 h
its

 M
uD

aq
/T

W
R

 e
xi

st
. 

D
ef

au
lt 

T
W

R
-M

uD
aq

D
ef

au
lt 

T
W

R
-M

uD
aq

O
nl

y 
M

at
ch

ed
 H

its
 

T
W

R
-M

uD
aq



N
hi

t v
s.

 O
M

 

N
hi

t(
T

W
R

)/
N

hi
t(

M
uD

aq
) 

  v
s.

 O
M

T
W

R
M

uD
aq

be
fo

re
 h

it 
cl

ea
ni

ng

A
fte

r 
H

it 
C

le
an

in
g

B
ef

or
e 

H
it 

C
le

an
in

g
 S

m
al

le
r 

S
iz

e 
of

 T
im

e 
W

in
do

w
 

   
M

uD
aq

 =
32

 µs
 : 

 T
W

R
 =

10
 µs

 H
ig

he
r 

T
hr

es
ho

ld
 (

F
ea

tu
re

 e
xt

ra
ct

io
n)

   
M

uD
aq

 =
 1

00
-1

40
 m

V
 : 

T
W

R
 =

 1
85

 m
V

 (
E

le
ct

ric
al

) 
   

   
   

   
   

   
   

   
   

   
   

   
   

  (
B

ut
 s

m
al

le
r 

th
re

sh
. i

n 
O

pt
ic

al
)



 T
W

R
 C

al
ib

ra
tio

n 
an

d 
re

co
ns

tr
uc

tio
n 

ha
ve

 b
ee

n 
do

ne
 in

 a
 te

st
 s

ta
ge

  L
ea

di
ng

 e
dg

e 
tim

e 
ag

re
em

en
t i

s 
w

ith
in

 4
 n

s.
 (

af
te

r 
T

W
C

)
  (

24
 b

ad
 O

M
s 

ar
e 

w
or

se
 th

an
 6

 n
s)

  F
lu

ct
ua

tio
n 

an
d 

os
ci

lla
tio

n 
of

 th
e 

dt
 h

as
 b

ee
n 

ob
se

rv
ed

.
  M

uD
aq

- 
de

pe
nd

en
t T

im
e 

W
or

k 
C

al
ib

ra
tio

n 
 

   
 -

>
 N

ee
d 

Y
A

G
 d

at
a 

fo
r 

th
e 

pr
ec

is
e 

ca
lib

ra
tio

n.

 R
ec

on
st

ru
ct

io
n 

R
es

ul
ts

   
S

pa
ce

 A
ng

le
 : 

 <
d(

an
gl

e)
>

 =
  1

.9
4 

de
gr

ee
.

   
θ 

:  
σ(

θ)
 =

 0
.7

2 
de

gr
ee

.
   

φ 
:  

σ(
φ)

 =
 1

.1
8 

de
gr

ee
.

   
T

he
se

 e
rr

or
s 

ar
e 

in
te

rp
re

te
d 

by
 th

e 
fit

tin
g 

er
ro

r,
 th

e 
er

ro
r,

 th
e 

di
ffe

re
nc

e 
of

  N
hi

ts
 a

nd
 s

o 
on

.

 P
la

n 
 S

tu
dy

 o
f A

ng
le

 R
es

ol
ut

io
n 

 M
C

 a
nd

 S
P

A
C

E
-A

M
A

N
D

A
 D

at
a


