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Ab stract: We pres ent a very sim ple model of a par ti cle de tec tor and the pro posal for cal cu la tion of the
av er age value of the time of ar rival.

1. In tro duc tion

In phys ics there are ques tions which have remainded un an swered for a long time. Be -
sides oth ers the def i ni tions of the ar rival time of par ti cles in a quan tum me chan i cal sense
has be longed among them. There ex ist many ap proaches to this prob lem but none of them
seems to be gen er ally ac cepted [1–4].

The close re la tion be tween the ar rival time and a cer tain model of the de tec tor is dem on -
strated in [2]. This fact stim u lated us to study the re la tion be tween the quan tity P t tD ( ),0 ,
which means the prob a bil ity that a par ti cle en tered the de tec tor dur ing the time in ter val t t0,

and the dy nam ics of a de tec tor.
In [5] the de tec tor is taken to be a two-state sys tem (one state stands for de tec tion and

an other for no-de tec tion). This sys tem is cou pled to the en vi ron ment con sist ing of large
num ber of os cil la tors in their ground states. The cou pling be tween the de tec tor and os cil -
la tors is pro por tional to ( )Q x . This means that if a par ti cle en ters the re gion x > 0 the de tec -
tor be comes cou pled to the en vi ron ment. It is shown [2] that the tran si tion of the de tec tor
from no-de tec tion state to de tec tion one is ir re vers ible (i.e. re turn ing to the no-de tec tion
state is not pos si ble) and the prob a bil ity of de tec tion at time t is pro por tional to

dt dx x t
t

¢ ¢ò ò
-¥0

2
0

Y( , ) ,

where Y is the wave func tion of the con sid ered par ti cle.
Sim i lar mod els of par ti cle de tec tors can be found, e.g., in [6–8].
This pa per is or ga nized as fol lows. In Sec. 2 we shall pres ent a very sim ple model of

par ti cle de tec tor. The ex pres sion for prob a bil ity that a par ti cle en tered the de tec tor dur ing
the time in ter val t t0,  will be pro posed in Sec. 3. Sec. 4 con tains the ex pres sion for av er -
age value of the ar rival time. Sec. 5 con tains sev eral notes on prob lems we stud ied.
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2. Sim ple Par ti cle De tec tor Model

The model we shall pres ent here is very sim ple, but in our opin ion, it exibits ir re vers -
ible be hav iour, too. The es sence of our con sid er ations con sists in the anal y sis of the fol -
low ing sit u a tion.

Let a par ti cle had been emit ted at time t 0  by a point source placed at 
r
x0 . By this phrase

we mean that the wave func tion of the par ti cle at time t 0 is ( )j
r r
x x- 0  and more over, we shall 

as sume that j ¹ 0 in very small re gion sur round ing the point 
r
x0  only. The de tec tor is

placed at a large dis tance L from 
r
x0 . Its vol ume is VD  and de fines the spaceangle W 0  with

re spect to the point 
r
x0 .

The de tec tor is taken to be a two state sys tem as men tioned above. One state, c 0 , stands 
for no-de tec tion and an other, c 1 , for de tec tion. What quan tity has forced the de tec tor to
the tran si tion from c 0 to c 1? First of all, an emit ted par ti cle can en ter the de tec tor dur ing
the time in ter val t t0,  with the prob a bil ity P t tD ( ),0  (The ex pres sion for PD will be pro -
posed in Sec. 3). The de tec tor will reg is ter a par ti cle only if that par ti cle will in ter act with
it. How ever, that in ter ac tion hap pens with the prob a bil ity P t tD ( ),0  only. On the ba sis of
this we stand for opin ion that the “power”, which has forced the de tec tor to the tran si tion
from c 0 to c 1 , is the quan tity

d

dt
P t tD ( )0 -

and the prob a bil ity of the tran si tion c 0® c 1can not be greater than P t tD ( ),0 . More over, it

is nat u ral to as sume that P t tD ( ),0  is not a de creas ing func tion.
In the next we shall rep re sent states c 0 , c 1by col umns

c 0

1

0
=

æ

è
çç

ö

ø
÷÷ , c 1

0

1
=

æ

è
çç

ö

ø
÷÷

and pos tu late the equa tion

i
d

dt
Hc c= (1)

with

H A t=
æ

è
çç

ö

ø
÷÷( )

0 1

1 0

as the equa tion de scrib ing the dy nam ics of the de tec tor (Up to now A t( ) is un known func -
tion.). As the ini tial state we shall al ways choose c 0 .

Now from (1) we get

c c c( ) cos ( ) sin ( )t B t i B t= -0 1  ,
where
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B dt A t
t

t

= ¢ ¢ò
0

( ) .

The prob a bil ity Preg  of find ing the de tec tor in the state c 1  is

P t B treg ( ) sin ( )= 2  . (2)

If the prob a bil ity that a par ti cle en tered the de tec tor dur ing t t0,  is neg li gi ble, one can
hardly ex pect that Preg  will be large. More over, it sems to be nat u ral to as sume that

P P t treg D£ ( , )0  .

On ac count of that we pos tu late the equa tion

P kP t treg D= ( , )0  , (3)

where 0 1< <k .
As one can see

A t
d

dt
kP t tD( ) arcsin ( , )= 0  .

The re quire ment (3) en sures the ir re vers ible be hav iour of the de tec tor.
Ev i dently, this model is too sim ple. Yet it of fers an other look on the prob lem. More -

over, it in spired us to look for the ex pres sion for the quan tity P t tD ( , )0  .

3. The Ex pres sion for P t t
D
( , )

0

Let us now con sider two events E1and E2 . The event E1  means that the emit ted par ti cle 
has mo men tum 

r
p DÎW  (it means that the half-line 

r r r
x x ps= +0   (s Î ¥( , )0 ) passes through

the de tec tor). The event E2  means that the par ti cle in ques tion had been sit u ated in an ar bi -
trary ¢ Ît t t0 ,   in the vol ume VD . Now the prob a bil ity P t tD ( , )0  can be ex pressed

P t t P E E P E E P ED ( , ) ( ) ( / ) ( )0 2 1 2 1 1= Ç =  , (4)

where P E( )1  is the prob a bil ity that a par ti cle has mo men tum 
r
p DÎW  and P E E( / )2 1  means 

that if E1  set in then E2  set in with the prob a bil ity P E E( / )2 1 .
If we con fine our selves to a non-rel a tiv is tic par ti cle and the time de vel op ment of 

j( )
r r
x x- 0  is given by ( )t t> 0

Y( , ) ( )
( )

( )( )

/

(r r r
r

r
x t e x x

d p
C p eiH t t iE= - =- - -

ò0

0

3

3 22
j

p

t t ip x x- + - =0 0) ( )
r r r
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=
¥

- - + -

òò d n
p dp

C pn e iE t t ipn x xW( )
( )

( )
/

( ) (r r rr r r2

3 2
0 2

0

p
0 ) ( )( ) ( , )= ò d n x tnW Y
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 ,

where we put 
r r r r
p p n pn= =

P E d n p dpC pn
D

( ) ( ) ( )1
2 2

0

=
¥

òò W
W

r r
(5)

and we pro pose, for P E E( / )2 1 , the fol low ing ex pres sion

P E E

dt d x x t

dt d x x t

D

Vt

t

D

V

D( / )

( , )

( , )
2 1

3 2

3 2

0=
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r r
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Y
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Dt

òò
¥

0

 , (6)

where

Y W Y
W

D
nx t d n x t

D

( , ) ( ) ( , )( )r r rr

= ò  .

As for the ex pres sion (6) we stand up for opin ion that if a par ti cle has mo men tum 
r
p DÎW with the den sity of prob a bil ity C p( )

r 2
, then it can be de scribed by the wave func -

tion YD x t( , )
r

 and can oc cur in the de tec tor in time ¢t  with the prob a bil ity den sity (with re -
spect to time)

d x x tD

VD

3 2r r
Y ( , )¢ò  .

It is ev i dent that P t tD ( , )0  is not a de creas ing func tion and in the case C pn C p( ) ( )
r

=
we get, for P tD ( ),0 ¥ , the ex pres sion

P tD
D( ),0

4
¥ =

W

p
as nec es sary.

4. Ar rival time

If we re duce the de tec tor to the point, say 
r
xD , then we can write

P E E

dt x t

dt x t

n
D

t

t

n
D

t

D

D
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where

r
r r

r rn
x x

x x
D

D

D

=
-

-
0

0

 .

The quan tity

dP E E

dt
x tD n

D
D

( / )
~ ( , )( )2 1

2

Y
r r

can be in ter preted as the den sity (with re spect to t ) of prob a bil ity that a par ti cle emit ted at
time t 0  en tered the de tec tor at time t. Now we can de fine the av er age value of the time 
T t t= - 0  of the ar rival to the point 

r
xD  by

t t

dt t t x t

dt x t

n
D

t

n
D

t

D

D

- =

-
¥

¥

ò
0

0

2

2

0

0

( ) ( , )

( , )

( )

( )

Y

Y

r

r

r

r
ò

 . (7)

5. Con cluding re marks

The pre sented par ti cle de tec tor model is too sim ple to be con sid ered re al is tic. Al -
though it il lus trates some ba sic fea tures of a par ti cle de tec tor yet many ques tions have
remainded open. For ex am ple, if a con sid ered source had emit ted N par ti cles at time t 0

what is the prob a bil ity that the de tec tor will reg is ter n of them? This ques tion is not re -
solved also in the other more re al is tic mod els. At the pres ent time we are not able to state
to a what ex tent our ap proach can be use ful for solv ing prob lems we study.
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