
M.I.Shirokov 

MEASUREMENT OF SPIN STATE 

USING ST~RN-GERLACH DEVICES 

Submitted to «Annales de la Fondation Louis de Broglie» 

E4-95-183 

1995 



1·· 
; \ . . ;: 

. 1. Introduction 

. ·· _-·. Quantum measurement of an individual physical system gives a particular 
val~e of the observable·. The value is u_sually of, little inte._r_est. It is the prob

-_. abilities of. particular vaiues which are of real importance. B~nhe probabilities 
· · ·are:the property of the.state of the system under measurement and not of.the 
; observable/ This paper. deals with the determination of the unitial sein wave -

function, i.e., modules and phases of a finite number of the function components 
· · .- (tivo fo{spin 1/2) .. This determination is possible using the known Stern-

. Gerlach device (see [l land sect. 3.5; -below) which is the popular example of the 
•- - canonical scheme of quantum measurement, e.g., see [27 4 ].'.The first purpose· -

··of. this paper -i~ to show that this determ_!nation can be _done in· a way, which is 
. __ beyond_ the canonical. sche~e, by ·using a version of the Ster~Gerlach· · 
: -~· expedment with a weak purely inhomogeneous magnetic field b(1) (for -· 

definition see sect.2.2 below)_; The second purpose:is to discuss und~r .what .. 
condition the initial spin state does not change during its measurement and : -

-. remains th¢same·afterthe measurement as before it. . 
• . Section. 2- presents a mode{ of the Stern~Gerla~h exp;riinent with a :;.reak · 
, ·-.· - •• ' f ., - ➔➔--' ➔ ➔➔ , .. ' " - .--- _._..,-
inhomogeneous field-B(x )= Bc_+_b(x). New: peculiaritie~ that arise.in this 

·\:ase (as comparedt~ the conventi~nal Stern-Gerlach case) are stated in sect:S. ,_ . , •.. ,, ,. . , •.. .• , ... · .. , . ➔➔- .. , 
. They are basically represented (and are m.ost prominent) whenB(x ) is the 

., . . . .➔➔ ' ➔ ·. I._ .. __ • -

· eur~ly in~o_mogeneous peld b(x ) (t~e case B c = 0). This is the reason for . 
. ~alling section . 2 «The·. Stern-Gerlach ·. experiment . with a weak· purely 

•·. jnhoinogeneous magnetic field;>. This version is compared insect.3 with the ; . 
·. · usual Stern~Gerlachmeasurement.. . . -_-- ; , : •-~ ·. ~: ,> > > . ·: , . 

In both the sections 2 and 3 we use from the outset the inhomogeneous . ➔ ➔ . . . , . .· ➔ . , . • . -➔_ . • , 
:magnetic field B(x) whic~ satisfies the equations divB == 0 and rot B == OJwe 
. consider the.most general case of this type of afield provided itisHnear in'£). 

The so-callecl <<impulsive measurement» approximation [2 ],. [1] i_s ·· not 
er,nployed in this pape_r~ . . 

Iii sect:4, we discuss a reductionless way of the _spin.state .determination· 
.suggested by Aharonov, Anandan and Vaidman"[S]. The peculiarities·ofJhe 
spin state determination proposed in sect.2 are_commentedinsect;S. -
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2.: Version of the Stern-Gerlach Experiment with a Weak Purely ·. 
· • • • 

1 

Inhomogeneous Magnetic Field · . • _ · · ' · 

· · · Global 
1
move~ent of atoms or other neutral particles in the Stein"'.Gerlach 

· magnetic field depends -upon particles'• spin state. So the measurement of the _ 
-· particles' position or momentum allows one to obtain information on a spin· .. . I . , , 

_state. This measurement is supposed to obey the usual postulat_es of the 
' '\.. t ·-- , ' quantum measurement: . . .. · - · 

2.i. In the real Stern-Gerlach experiment the beam of atoms passes through 
a region where there is a constant inhomogeneous magnetic field. The following 
model of the experiment is used here. . . ' ' . . . 

. Unitially at t = 0 the atom state· is described by a wave packet, e'.g., being at . 
rest./ At. t = 0 a magnetic field B is . turned 'on in . the . regio11 of. the ,packet·. 
localization. The fieldis turn~d out at' t = T and then-the'atom momentum is, 
measui~d'. The model Hamiltonian is ' . . . ~ ·. . 

' ;,, 

H ~ p2/ 2ii-+ g( t)µcl- B. . ~ · · · (1) 
, ;, ➔, ·'. ➔ ♦ '-••• , - __ , ·r : ~· • -, .,~ . ' • I - \ ~;·,; 

Here p = -i V is the atom momentum operator conjugated to the atom center,-
. · - ,x" - ·. ·. . - ' .. 

: of-mass coordinate x;·:M,is 'the. atom mass; 2µ i~ it_s _magnetic moment;· 
d= (a1,a2,C13) are the Pau.H niatrices. The furtctiong(tfiiczero outside th~,, 

inte~al (0, 7) ·and ;ealizes the smo~th t~rning on and out of th~ m;gnetic field. 
, . - ·: . . . ... - T . .. 

,R In the most part of (0, ri the function g(t) is unity so that f g(t)dt ~ T .. _ . 
' ' ' '· .. ,.· ,, .. . 0 . .,.. . 

There are more realistic~odels of the Stern-Ge~lach device,.see; e.g., (6 ], 
but the described one is simple arid is of u~e (1 ]. - · · 

• . . ➔ •.• ➔ 

2.2. Let us stress.that the equations 'div B = 0 and rot B = 0 must be 
,·. ·. . • ➔ -➔➔· ➔ . 

satisfied when describing the inhomogeneous part of B = B(x) (rot B. =. O}s the'· 
Maxwell equation in._ the . region· where • the current density• gensrating the 
magnet_!; fieldJs zero). T~e homogeneous (.lindependent) part ofB(.t), letus_ 
call it B c' o~ course·_ satisfies these equations. The . simplest -- inh9mogeneo~s . _ 

- magnetic field. (i.e., linear in .t and v~nisbing at- .t = or is of· the form 

bi (.t) ~ ~} l:ii xi i,j = 1,2,3.' The equations div t=, 0 and rot 't7 0 lea,.d to 
' J • . . . ·. . '_\ . / ·.. . - ' . 

~ 1Lu. = 0. and !-,ii == Lii~ see. (7 ]. The real symmetric matrix Lis ~rmitian and·. 
l- .. -·, . - I , . .. , •; ._' . .·" .,~ - :, 

can be qiagonal_ized, Le., be represented.as . . . . 

'•/ 

:L .. = :L ( i Iv )/3-(v .lj)/ .. a = 1,2~3, 
_11 a ~ a .. a ,. . .• 

. P1+P2 +P3 ~ 0~ - (2) 
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whe;e its eigenvectors are orthonormal and real: (ii V > =· < ~ 'i > == (v" t So . ,. . . . . . . . . _ a .. . _a , _,a 1 

b.(i)~'""'(ilv )/3 (vJj}x. 
1 £J £J a. a a J . a i. . . . 

jfc.t> =i JJ + tc.t> = 1 +· ~ p c.t-~) ~ .. c - . •· .c · £J • a • a a . . . -~ .. a 
.. ,(3) 

/ 

The field is called purely inhomogeneous: For its realization ·see-[8 ] .. 
. 2.3. Let the initial atom stat~ be described by tJie·vectoryi0 = </'~(.t) x0(f!1), · 

- <f'o: andi0 having~ unit norm.·The function <f'o(.t) isa ~ave packet located in a , 

region between current wires creating B(.t). The spiri~ave fun~ti~-~Xo(m),ni_ 

-being spin projection, is unkno'Wn and must be determ"ined. Let us represent the 
solution of the S~hroedinger equation ·· · . . : · . . · ~ . . • . _. , 

· _ iait/J(t) .== [p
2 

/ 2Af + g(t)'µ cJ. B(.t) ]1p(t), 1/J(t ==:,O) = 1/Jo (4); 
... , .. . . ' - ~ - . ' 

.-· as 1/J(t)' = exp(..:iHot)tp/t);. Ho~ µ2/1.M. /Then, one gets for 1/J/t): the 

interactiori pi~ture equa~ion . . '~. •-· - . 
. ""' . ,' '. . ·..:.➔... .· 
iot 1/J/t)_ = H/t)t/J/t). = 8.(t) µ a· B(x W)t/J/t),' :. (5) 

H/t) = exp(iHot)lll expf·;_iHot), 

__ .t(t) := exp(iH
0
t).te~~(-iH

0
~) i: f+: tp/ M: · 

- ➔ . '1 ~ ' ' - ' ' _. ,· - . , -',,.,.., • ,: ,, r 

~otethatacommutes~thB0and, therefore, · .•-
. \ 

(6) 

'.ott) ~ exp(iH()t) c!exp(ill ot) =:=' d.: 
-~ ..... -". ' : ' ' -. ' , : . . ' ' .1 _,. -

The solutioff of_ eq. (5) · is represented with the h.elp of T.;exponent · 
'.> ' . . ·.,· . ' t ····· . ' ' ➔ ➔ ..... ··. 

.,. 1/J/t) = T expkiµJ dt'g(t_~) cl-B(x)(t ')) ~/0) · 

'(7) 

. ' 0 • 

· · · · 1/J /0) ~ 1/Jo . (8) 

. .. . -i·~ 
.because· [H/t1), _H/t;)] ¢ 0. For.the T exp definition see, e.g;, eq; (21) below; : 

. , Let us a~sume th~tthe interaction ~H 1 is ..v;~ak and, the;efore; 6ne: may 

·1' '' ',-: 

1 r 

. calculate 1/J/t). using perturbation theory: This means that th~ magnetic field -· ·. 

or/ and particle magnetic moment are supposed to be small. The approximation 
is ·conJrary to the-usual•impulsive orie~ when· one·supposes that1fo may be_,,_ .. 

'• • < •-., • .•~ S • c • I "• ' 

"-, •... '3. 
·• ... ....; 



neglected ~-s compared _to H; in. the interval· (0, T); see, e.g., [1,21: Then, o~e .. 
has . , . . . . . •. . 

•. ,Pi(() "' f-1 - ;µ { dt',(t') it-B(f (t'))l\1'0: / (9> ,. 

2.4. · Let us show_ that . the -measuren1ent of the atoms' mo_mentum 
.. · distribution at t >Tallows one.to dete~ine Xo• For this,purpose, calculate the 
." ,·- - ·➔ . • - - '\. 
' average · value of . the · momentum operator p at , 't > 0 in the state_ 

tp(t) =_exp(-iH0t)tp/t) - '"' .. · · ,,; 

- · . -ill t . -m t . . . . . .. · . - . 
, (pk)== { e 0_,tp1(t)lpkl e - o 1/Ji(t)) = (tpi(t) lpkltpi(t) )e 

I . 
. ' - \ -

i 
1. 

.. ,~ 01 j 1. + Iµ! dt'8( iJ/:ict (t') >] p ~ 1 IT i µ {a,• 8(t') i!-B(:t (I')) l i \bo)"' 

\ ,. : . . ,,. . 't '' ' . . - ; . . ' 

·_e ( 'Po lpklrpo) + iµ'J d,~~ <-to'' [o' · b(~(t')), pk] l_t/Jo) ~-
,, . 0 ' . ' . 

,.,.,,.-• 

,--

, k -. _,.. ~ ➔ . 
. ·= (pk >o - µ f.dt'_g(t') L :p~ ~o·va(va)k, •. 

• ' · o.-- · a· 
{ ' 

-, (10) 

' \ _,.,, ... - ~ = (x0 131x0:>·. ·. 
We hav~ used he~ieqs./ (9) and (3). Le; us dire~t the coordinate:axes alon'g :v'. s~ 

. . ➔, .· . . , "·._ .. ·. . . . I • •, . ,. , . . • .. .' • ·' . . a 
that (va)k = oak'. The~,,at t >Tof!.,e can_rewrite eq. (10) as· -

' (pk>= (pk >o - µ~ T P,Jok' ' / 
r. 

·, ~ 

(11) 

,where (pk >o·.is the! k.:~h projection' oft~ initi~l a~ira~;tl)~,'5, m?~.ent~m Pcr 
, Note that (pk) does not depend upon B but only on b(x ). U one knowsµ, T,. _ 

. .- - . . . - , . - ,'· C .' > ,I,,._ .. ' .,-....._, 

/3 k ¢ 0 anq. measures ( p) ~- Po• then one _can det'ermine ~Ok' i.e., t~e initial 

polarizatio~ vector. This is equivalent t~ thh detbnnination of, the initial spinor ' 
Xo which is the if'·~ ·eigenfunction describing the spin directed along ~ , see 

Appendix: No~e that if_{3k = 0 f<;>r SOJll~·value·of k, th_en the related projection 
~Ok cannot be found .. ' . ' 

' Note that the result (11) is true alsoin the case when the ~~m's initial spiri 
~ate is described by a'_density matrix p0 or _by, the polarization vector •· 

~o = Tr Pod'. 
' ......... 

-.~ 
4 

\. 

(·, ' -

I· 

/ 

r' · 1/ 

3/ 
l 
:~ 

. I ',' t1 ·, 

i ' 

I 

j' 

/ j, 

1'" 

i' 

! 

,,\ 

1 • 
1 -Using eq. (9) one.may calculate 
, , i ; j, . ' . • ' '' ·_'· ' ', , , 

- r;t ). ·f d3 ' --'i pt (-➔- ). (i2)' tp1\Y,m,t ,= x e . tp1 x,m,t . 

.i a~d show' th~t
1
the maximu~ of th~, mo~ent~ni ~iS!~bution L I ~i(p,nt,t) 12 is 

- ••• > , _,·,, •• - ','1- ··-,- .' ·,. ,_ ;· -,,--m' .,,- .-

shifted as compare? U>.the maximum of 1~
0
(iJ) I, and the shift val.ue is the same 

as(p)..:.PO,i,e.,iseqtialtoµT,B~~Ok' ·, - _ _' : : ·_. ·•• · .·· , ·. · · i 
.• 2.5. Let us investigate under what conditions th~ atom spin state after mks

urement is the same as the initial one. First of all, the state must' not change 
•when 1atom interat:tswith the magnetic ·field (during <~premeasurement<~ [9,]). ·• 
After that. it must. not· change _when measuring · the· atoms'. momentum 

.·. distribution after this interaction (this is needed to calculate (pk)). • . . . 

,,, ·. ·,For'this in~estig~tion one m~st u~e t~e d~scri~tiori of the ~pin -;t~te at t > 0 
' by the density matrix ' : ! ~'' ; • ' ,,, '· I ' ' • • ' • • ' 

'ip(Jz1 ,~2) === J d3~tp(t"in1 ,'t) tp*(~_,m2,t),· .·... ... . •· (13) 
'_ 't - . ,'! ' ', _." ;''',' -~~-- ., :_ ·,, ': ,'~,--: i ·• ,·,•. • ,, :', '; ··: .• ? :,, ; •'_ ,:· 

.because,the atom, wave function tp(x, m,t) has not the form of· a product 
rp(~ t)x(m,'t)-see, e.'g;,<eq.(9f.''Instead,of p:one can equivalently·use the, 
polarization vector [10 J ., . . -..: , . , .... 

,. . . , . ', ~ 

' .' ' ' . ' 1 ... r =.Tr pc!~ f_d]x r t*<~ di2,t) ctm ,m t<~in{~t> 
. : . . · ... · ·,•·, '. .\,.;.;.': ' •.· , m1m2····.· .. ;' ,:, .. 2 •I, ,c·.•.,' 

·becausep=(L+~d'J/2. · ·: .-... ,,·· .' , · , .. ;, .. , 
I ,' ,_J. I _ ,•, •• , ,, _, ;,, ➔ ' ) . \ • • ,. , 

Using eq. (9) · one. can, calcufate ~ . in . complete analogy with the . ( pk ) 
c~lcrilation in sect.2;4 

(14) 

•\ 

Jk.=:{ tp1(t)lakltpi(t)=, . 
' . t, : - ··:>-: /., :,. :·, . ..' ' . __ ;[! \;} ·,-' ',,· , ., : ' ·:, ' ;_ ' 

· = ~Ok;~ I': f dt'g(t') L emk~ (~jjlBcm+ bm(~(t')) lrpJ)~o~· · ... (15) 
:: . ' . ,' o· ... ., ·m,n,,,·· ·. ,' ,. ',·:· .. ·•:, ,,' " 

,;, Th~'te~.--1Bi 2 is ~egi~cted,· e~~ is ;he' ~lift antisymmetric.ten~or. file 
'· ,· ,/ '' ' ,· '''' ' ,➔ ' .. ➔ ,. ,+ " ' 

second.term in, t~~. rl,h.s~•of eq.05) va1,1ishe~ if BC :;;,o pr'.Bc 11 ;~o and-if 
_,, . : ➔~' .· ' - . . ~ , '·. . ' "\• ' . '1 i {rp0 I b~(x (t')) lrp0) ==·O. Thecakufation of(rp0 1bm I rp0 ) d_u~ to eqs.(3) and (6) 

; , is reducecl to the integrals 
i ·.,, • . • • ·., ; · .. ,.: . ,·.,"- (.', :' ' , '1-i • •. • ; ' , 

I ...... ''. •, . I Jd3~~~(x)~'Po'cx~,·1 d3xrp~(x)(-i Vx) 'io<~) .. '. '· . : _(16) 

. '. \ . ,', flieyvanish if ~0(1'} ~ ,rpo(-x) and a~er~g~ m~~entu~ of· the stat~ cp~ is · 
~' ' , , ,, ·•_.,,:; • ' i . ' . - .. ,-; , , , ; .\ .i, '' :, . ·, , : ' • ', , . C ' , ' 

:~e~o, ·e.g:; rp0 f/(x2
), /(x2

) :~,exp(-;-:x2/Z 2). Th~ first)ntegral vanishes also in 
. ' •" ··, ,·, ' , ' 



I 
\ 

.. , the case of the moving packet.~0(.t) 
1
=, ~xp(i°;0t') f(x2

) but t~e"second is then 

equal to'Po· The secohd_ term in the r.h.s. of eq. (15) will al~o vanish ht this ~ase' 
. ' . .. ➔ ' 

if onetakes instead of (3) the <<running>> field b t which moves together with the 
packet · · · · · 

' l \,' 

➔~- -.➔'- ➔· ➔➔ -➔ ' ➔- --➔·- .. 
b(x) ➔ bt(x) ~ b(x -_iJt),, ~ =•p0I M. (17) 

. .· . . . •----~ ~. . . ·· .... ' ' ... 
So we have approximately s = s0 in the ~ase of purely. inh.o_mogeneous . 

.__ magnetic field and under the c~nditions des~ribed above. In particular, the· spin 
. , state. does' not change· provided. the atom•· packet is. at. rest and is' located 
· symmetrically in the field, i.e., ~0(:t) = ~0( .:...t). · ... · , · . , 

' ,·,' ...• ·•;, '',<, .·,. ·-;'- ,,,:., ➔·',,-~,,_.· /.· '··,·: '·',,,,, 
.. Thfa result can also be obtained by usingtpiPi _m,t)1 see eq; (12), inst~ad·of · 

tp
1
(x,m,t). Then, th_e integrals · '· ,:· . . , · -~- . _ ·_ .. ·•· . 

. . ··/. . . I ·,: . . . '· .. 
. J:i13 -.-i.(P) ·v ~ (➔)•·' f d3 ;;;,,tit) ➔--(➔) .. · P.~o z P ~o P • . P ~o\Y . P ~o P 

, . - . . . 
' ()8) 

· appea~ instead of ( 16); the integration- being over all possible p v~lues belonging 
· · to supp i ~ · · · 1 • • • · • · · • • 

'' 0 ··. ' . . . .. ,. . . j 

·. Let us riow examine the.change of the spin state when the atom momentum 
' . ., . . . ➔ .. , .. 

· is measured. To determine the average momentum ( p ), see eq. 01}; one mu.st 
find the. atoms' momentum distrib~tion, Le.' the probabilities of finding° the 
momentum in the· regions S(p, .1. ), p being the region cen°ter and Li. its · 
dimension.. Each ~f these. probabilities i~ ·given by the expectation value of the 

, projection observable· . . ·. . . . . . ' 

, I 

·, Il'(.1.)= ·[ d3p'l~')($'1 
.. · p , , , S(p,t:..) • . 

·in the .state ~(1)- (mom:entum distribution do~s -~ot change after. T); For the 

- 1 

1 ~ 

''fr 
f 1·· 

\' •' 

I 

. . . ➔ · .. .,_. '~ ~ 
subensemble of atoms which suffer the reduction in S(p, ~) t~e equality s = ~o · .\ 
does;not hold in general, because the integrals (18) do not vanish in general if . ·, i 

. . .... ➔ ' . . .. ·.· ' - ➔-

they are taken over·S(p,.1.). The exception is the,_case when.the center p of 
. S(p,.1.) coincides with( p) and its dimension A is of an ordeu>f momentum 

. uncertainty in the statetp(T), ie., whetiS(p, .1.) is th_e effective supp§(T). The 
expectation value. ,of the-. corresponding projector· is.· almost' uni!X: 'a_.lmost , all 

_ atoms reduce in the excepti_orial momentum_ region. Therefore, s = s0 can be, 
valid for. the case; But th~ exceptional region -is unknow~ until ( p) . is 

' " '\ I .• ' 

· determined; 

. , 
6 

' . 

r' 

'3. Comparison with the 'conventional-Stern-Gerlach Meas;;e~ent 
• • .• ·, • I ' • • • . / . " • 

The treatment-of-the.conventional Stern-Gerlach• measurement needs an 
explicit expressiorifonp(t)= exp( ~iH'oi)t/t) while only aver.i~e value_s have 

,been calculated in sect2'. _ _· . .: • , . . . _·... _ _ _ _ . . . . . . . 
3;1.'1.:et,us argue thafunder some condition one cari simplify significaritly 

'· ' ➔-➔ ➔ . 41 ➔ ➔ ➔ ➔➔ . : . . ' . ~ . 
,eq.(8_) 'for tit) replacing a·B(x (t')) 6y a·B + aib(x), i.e.,.neglectir:ig'the 

' ➔ . . . c. ' .. \' ' 
term tc1: b (pjl M, seeeq.(6) for .t(t). .·. . ~ . , ·•. , .· .. . 

In the first approximation of perturbation theory one has· . ·.· . , ' 
,; . , . , . :, .. , .. ,• . '!'. ", I ,, i •• ,- •• •• 

1/J/t),;, .I - iµf~ dt'g(t')c/·1(.t(t'))V''c i:: ~o +,tJ'B +tx +·tp'/ · 09) 
• ' •• ' J .>, ,(· ' . J ··-,;, :-

' .·. · .. t ') ➔➔ ➔ ... 
1'ix-=:=:.~iµ f dt'g(t')a? ,(~•),j,~0; 

r-' : .· .:. io . t' -➔'·. ·._ .. _. 

11-'p := . .:.iµf 
O 

dt'g(t') -~ fb (pj~~~- _ (20) 
' " ' '.,' '>, •'' •,.:• • • ' '. •,, ',. ,(: l'. ,. ' ' •. ·,.: ·' , 

· Let us compare the 1/J and.1/,' . norms in the case of the imm_oveable packet of 
I r . . . . , , . 1,, x.. P- _·· ··.-',i. ._·- .- -~ .:... , I < ." .. 

the dimension/, e.g;,1~o(:l'.),;,,/(x2f = N exp (-x2lz2j. . , . . , 1 

Suppose l t~ be a macroscopic length, e.g., I= :o, le~. In the first integral of'. 
. ., ''- ' .. , ' . . .. ,'"· !1 : / \. 

eqsi(20~ we have _.x~0 ::::::: (~0-wh-ere<1sin thesecon_done . 
. . ' l .. I .·· : . ,,· ,1.1: ' 

t... . . .. ' t h t C.' ' 

, Mpk~O 7, M[~O = c ~~o;; 

l . 

where x' = h/N; (the 'po~sible mom~~tum val~e~ in the ".initial state are . 
., . C . •.•.. . . ' - . . . .. .·. • . . , . 

, ~~nfined i.ri the sp~ere of the radius hi l). So th~ ratio I ltp II/ I I~ 'I I is of the:< 
. . .. . . . , ··.' . . .· .·, · ... ·. . . .' • ·: '·, ._- ,p ·:. '.. X .• -·. • ·,;, 

orded ll·cTll whereA.'/l-:-·10.:... 13 (th'e hydrogen mass is subsituted forM). ' · 
. , C ' · ' C · •, · ' . . , •. . · 

:··-It is:reasonable·tqimpose the req~irement q< h/l for the momentum-.·:· 
;'·,. ,· .. ·\,, '• ·., i ,''_\ '. ' ,,, ' ,' ',' ,,-··· !; •. • . ' 

change qof the atom hearn after its interaction with the magnetic field during 
... ' . . . . .. ➔ ·•.· '' . . . 

' j the time h1terval (0, T) (s~e eq.(26) belor for q );As, qk'-µT{Jkwe derive an 
estimation ori' T and cT Ii: . . . 

. - ' •. · . ' ·. ' ' h ,·. l 

cTjl E cTµ{J / lµ{J k >~ c l ( lµ{3 k) - • _ , 

The inhomogene~us field b(t°) changes horn zero !o1{3 ~ in the regfon 'of the . 

pac~~t le>calization_, see eq. (3); A~suming 1,8 k = 1 gauss, l =: 0, 1 cm anitising 

: µ !:! 10:-20erglgauss,c = 3: 1ol0m1isec; he{ 10~~7 ergs.cc we get the ~stimate 

'-~ri1,~l04; So the \ratio :11~ 11/111/,' ·1 I ·turns' out .to b~- of, the .ordei 
·. . . .' •. ·" ·. . P .... x __ . ' , . ·•. • .. 

J0:... 13 -104 «< 1 (~~te thai\ne ratio'.~b-1).' . ' ' :. ,.,- : 
•. .. . ... 



,. 

We conclude th~t 1/J in eq~(l9)_ can be neglected as compared to tp , in the . 
, · . . p , , . , X • 

, case of immoveable packet. •. ,, . . , . . 

Nrite ~hat the pack~t diffusion is quite negligible during tlie estimated time .. 
T- ~041/c·--10-1 sec.'. , . 

The inequality I I 1/J I I « I I 1/J I I may fail in the case of a moveable packet , 
. /. '. .. , . . . ·• ·. p , , ·, X '.. . , , i . ·. . .... < , .·. . : 

1'o(xj' = 'exp (iPcJX)/(x2)if Po» h/l. Iri thi~ case: oriemust replace 'if by the:,· 

. «running>> field ht, see eq. (17). Then, b(p - Po) substit~tes b(p} )n 1"p and 
. , I ltp 11 << 111/' 11 as before. . , , . , , . . 

• p . . / . X, ·,. ; . ' , , . . • , < , ., ,s 

One cari apply the a~ove considera.tions to the ex~r~ssion • ·. 
. . ' ' .. 't ,, . ·.· ' ,. ,.:.. ,,,., \ I 

/· . 
ip' (t) = T exp [~if dt'H (t') ]tp '= ' , 

I_. : . • , , · . o I , ,0 · 

= lim (1 - i/ dt'H/t')J;~.Jl ~ if2 dt'H/t')
1

][l ·_ i/1 dt'H1(t') Jtt,0 (21) 
n ➔ oo . t. . . . . . . , , . ti . . 0 . ,. . 

\ .:. ·, ,· ',· ,n._:,,_'. .-, .... : ·: :.., . ' i_' •. ,.1 .·.,- , .'f., ~ .'. 

· tojustify the omission of the term td'-b(p}/ M.beyond perturbation theory. 
' .. •-~ 3:2., The. o~ission· of the tenn tcf. b(p}/.MJn ~q. (8~ ·turns/r exp into the 
simple exp becau'se [H;(t

1
j'~ µ;(t

2
) l.:= 0 if ·· · · · ·· 

.-. ' , I .--:--,,-

''.. •~·➔➔·· -➔·➔··; .➔' ➔➔• 
, n;(t) =: _g(t)µ,u· fl(x ), . 13(x) = B c + b(x ). 

\ ' , ~ 

N~w one gets , . 
,' ~ ~-. :': ; .i,- '~' ,··/ ·- c ·, ~'' ':., > ., /. • .:' ~ •. I' 

1"1(t) ~ e!'P [-ig1(t)µcf.B(x):W.,~0 = 1'0(.t) exp F-ihd'·.it(t)k0; 
. • ' - , ' . \ . ', t ; ~ 

(22) 

. (23) . 
' ,· 

/·g1(i) =l dt'g(i'.), h5 k1(t);1ici)1, tc.t) lici)1irc.t)1:(. -<24> 
. . , , , , 0 . . , ·, : . \ . . : ; . • . , . . l \ 
· The operafor exp ( .;..ihcf. rf.) in eq."(23) is the known operator of the spin function 

rotation' around the ii dtrection, see, e.g.; [11 ]; So eq. (23) describes precession · 
of the atom spin• (dire_cted.initially along: the unit vector;¼) 'around it. 1f' 

,BC »·b(t)at X.E SUPP1'o(x'),.theri ii_. dep~nct_s on .t~e~kly;i~-~ B/13c, and 

the rotation axis is common for the whole packet.-. ·· ... · { , . , .· · . . . 
. 33. Severaf~xact expres~ions for the r.h.s. ~f eq.(23) can be written. Using' I . 
➔➔ 2 . ·, . . . . . .•, , . , . ' .'· ,' •.' ' , , I. . .•· 

(u· n )"::: 1 one obtains [11] · · 
. •.',. 

1/J/t) =='1'o(f'){~os h -~ w-ii(x) s·i~ hJXo• .: ·- , ,. ·. . . (~5) 
,· .. ·, '. ' . '' .· . . . ,. : . ·. ·. ' :·-'' =+·. =+ ' ·. ' 

Eq: (25) al!ows._one to obtain,t~e results of sect.2_. As before;~. = ~0 follows 
· .if terms ofthe order /2

2 
are neglected~ •· . 

' 
' 8 

i ·. 

f' 

:,-.... 

The _ expression : f~r 1/J / t) '_¥hi.ch is employed when disc~ssing . the 

conventional Stern-Gerlach experiment can be obtainedby a transformation of 
eq.(25) ·but a _simplei_~ay is to ;expand Xo in eigenstates x±'orthe operator, 
➔➔➔ . ' . ·1 ·,, ' 
u·n(x) ... \' 

. • I . 

I . I Xo = A+X+ + AJ_; d'·n(f)x± = ±x±~ .(26) 

,f_ 

r-
!I!.· ... ,, 
•.r 

·, ..... ' .. _- .• ... : . . , (·co~0 /2 . , /)··.' 

·:_:. A± =_<x±,1Xo)_,_ Xo_~ sin0;12 exp'i~o --~-

. . .. , ' "· ... / , 

. . , ·(cos 0/2. · ·) · . . ·,. '(sin 0/2 · :.. · ) 
. X+ =. sin 0/_2 exp i¢ ~- ,x"' -~-- ~ 'cos 0/2 exr, i(j) ; 

,r,, - ', ., .. 

,.·/ 

(27),, 

. . .· ' ' ',' ~ ... . -ih . . +ih \ ' ' ' .. 
1"it) =.~0(x)[A+e X+.+A_e x_1: , (28). 

•. ' .,1·.: '_ .. ,'.• ", .' ·- .. , •,. ·:., ' '~ _;• .. •.' ',,I:. ·, ·" / ,' • 
.. Here,_00 a~d ¢ 0 are spherical angles of ~o, 0 and¢ are spherical angles of. 

. - , , ' - ' . . •- - , - . - . . ', I. - . 

ii(t) which practically do J).ot.~epend. upon .xjf B » b. One canshow: thaf- · 
.. . . . .. , . ' . • , ' . . . . • . • C . . , . •· 

exp(± ih) in eq. (28) ciay be approximated by the plarie waves'if B » b(x)and· . ·, , 
: ·:., _, . ··.,.:·· / '.·.•·:" .", ,, •· , : " . . .. -, . .,,. , 'i C ' 

B : b(x) » b2(x). F6r this purpose use eq. (24) for h and th~ equation ·, . , . 
,c ; ' ', '~ • ✓•- ·,, , • • i. ' ,: • ·,_'_ , . i • • •,,· \, , •, ' I.' ·:;. • . "f • I , •' 

', . ➔ ,·. '. ➔ ➔ ➔ 2 J ' ' • ➔ ➔ ➔ . . , ·. ' • . , ' , . . :,:. ~ 
B(x) = v[B +·b(x)]. p B' + n·.b(x )·= B 1 + ·"£.knJ3kxk = B + .n·x \ ~ 

, . _,': \ :· ,··, ·C_ .. '- ' I -- C .,i ,·. ·- \ C ' . ', IC . ·, . 
,. ·.· . ➔ ➔ ' 

.'.· · .nk = n Ak' , n_ = B I B . fr. ... ·; C · C 
.(29)' 

', / If ,1'o = /(x2)~xp '<itox} is the packet having'the (al~ost ~:Xact) inomentu~. 

:I ·,fa, ,i~en' ~o exp ih des~ribes the ·;acket f(x~) exp (i(Po + -irt) havi~g ~he 
.. • ' ➔ ➔ , ' / ' , 

'I 

l 
I 

1 

11 
1J,:·, , 

. ;'t' 
( 
;( 
,1, 

. (almost e~act) _momentum Po + q, ' 
~-

··'\:.. ..qk ~ qI(t)fJ:.nk = gl(t)/nJ3k·, ·(?0): 

Here ~I (t) =:Tat, t >. T, see sect 2:L . . .· .. ·.. . 
: ' . '. •' ➔ .. , ➔ ' •' . . . ·. ➔➔ 
. 3~t The v~ctor q is not parallel to Bc in general. Butif ~ne.of the p(x) 

. . '.' . . • ·-➔ ,. . . ,· ➔ . ' . ' .. 
.,, etgenrectors V: (s_~e s·ect 2;2.), say v 3, is dir~cted along B c' then n1 .= n2 -:;;, 0 \\, 
. . . . .. . ➔ ➔ ''. ➔ . . ' .... " 
along with q

1 
= q

2 
= 0, i.e., q 11 Bc. In this .case q an,d 1/J it),depend, in fact, : 

only ~n ,8
3

, i.e., ori the b(x) component parallel to Bc; This fact gives' a simple. 

justification for the. approach which from the beginning uses· the u'.nrealizable 
. ---➔ .. ➔ . . . . / . ' .... · . ' 

· supposition b(x) 1 lB c' see, e'.g., [2,3 ]. For another discussion of this topksee, 
, , ' ,, I • ,: ', ' 

• e~g;; p,31 . 
'l· 

,9, • I 

\ 
·,:--, 



I.'. 
r. 

: } 

.. 

1 • 3.5. At t> T_one can rewrite eq.(28) as 
n~~ 

·tpi(x, m, t) =: ~o(~) [A+~-wTB; e-i<ixi+(m)+A"-e+wTBC-~i~_(m) ]~ (31)' 
, .. · I - - . 

The fun~tion tp(t) = exp (-~H0t)tpi(t) de~cribes the propagation and di~sion 

of the packets tp0(x) exp(± i q_~); · 
i- ' C 1 

Eq. (31) reveals the sp_ecific correlation (entanglement)_: the atom has the 
momentum Po .:;. qif its spin state is X +, similarly Po + qis ~orrelated with ;c, 
ct[2,3 ] .. The e~pan~ion iii eig~nstates x~ of tlie opera to~ if'.· it m~ans thatit is' 

. this operator ;hich is me~~ured [ 4 ]. Thi; can be realized; by means.· of .the atom . 
momentum measurement. According to quantum postulates, the probability.to .· 

I_ • ,,,,-·, •,., ._ /' '., ,. •'•. ➔ ➔ . 

fin_d the m?:~entum_"'.a!ue ~n ~ sphere~-: centeredat the p~il}t Pq__ ~ q turns out·~. 
to be equal to 

• . , I 
l ...... , ,.- >· ,,' / \, , _ , Js d:p'l:.m lfd3xe-:ipxt/'ix.'m,t) ,2 = IA+'l_2 .. 

·,. -.~32) 
1

;.. • Th~ ~phere S radius mu~t be greater than the momentum uncertainty hi l 

. in the initial;pa~k~t 'Po bu;·smaller than I qi :<one ~~st ~uppo~eth~t q.> hi l): > 
/Reduction of the atom.n1om~ntum't0S corresp~nds to the ~eduction of the 
, ., •• I •• - ' -· \ • '"" 

. atom spi_n state to X +; One ~an show th~t ~· - . ' I 

. ·. . . .:. . ... ' . ' . ' /' '. ·.1 

. (33) . ,'.: ,~± ,2 =[1 ±.~·ti]l2. 

· So:tqe moine~tlim ~easur~m~~t give~ information on the,-A± modules. ·. • . 
·' t,\ : ' \ ·.,, . :.- ,'. ' : ' ., . ' ' ' . . . . 

. Eq. (33) is valid also in the.case when the initial spin state is descrioed by a
1 

. 

density triatrix (the case~~ < .1) •.. [ 1 ]. In the: real Stern\Ge;lach ~xperiment, 'the \. 
' - •• '. • I ,. ,·. ,.~- ~ '" ' '. • ' : \' , • ,, .' ' , _, I 

change of atom's coordinate is.measured which is determined by the momentuJ11 ·· 
.• change q. \ .· . x· ;-' ,. . '; · . . .··. • -, (. , ' . , :·, .· ._::,. · .. · >_ · , 

. It has been noted in [1) that one can determiriealsoA+ phases, i.e., one can 
. . .. . . . . ; . . . ' ' '. \ •'. - . . . . - ' . ,. ·,.' ' '·:. 

findx0 =;= A+X+ + A_x~. For,tlris pu~pose one m~st•rep~atthe measur~m.ent _of 
\' ' ' . ' .. ,' .. , '.·:, '. ,, ·, ➔··➔ ', , ➔, ➔·-

the same atom's ensemble using two other magnetic fields B'(x) and B"(x ). 
➔ ➔ ' ·,.'. . ' ' ' . ' ' -: '.,' ' '.·' 
B'(x) is obtained by a rotation of the Stern-Gerlach magnet about the beam' .· . 

' · {· . ·➔ ' . ' , '1 • i • ' 

axis (it is converiient to have it' .Lit>: B'.' must have it'' which is linearly inde,-

pendent of "it and it, . .pete~ination of. LA+·· Ii in three e~p~ri~ent~ gives three· 

angles between the ;nknown. ~·· and._,t, :;f,,. it.~. Thi,s allows 6ne to find ~ • 
. which ' is ' eq~ivale"ut .• to the xo> determination,: se~ . Appendix. ,' In . the:' real 

• \ . . ' ' ➔ ,'. ~··· . . -: ', ·, \ .,· .. ·J ~ ,,,_\··. 

expenment, to obtain n." one should rotate about an axis perpendicular to.the 
' . . . . . \ - ' ,: . ·'· ... :, . : . :· 

. ' -10 

..... \. 

; ,~ 

11' 

,,-

beam. This would result in th_e beam impinging on the,magnetic poles. To -
drcumvent the dffficulty; ~ne cari' turn the atom spin in a known and needed way 

! before atom's entering the Stern-Gerlach magnet (using, e.g., an additional. 
I .. - • . • , . . .. . 

J: constanfmagnetic field) [I·]. . - - .,. . . . ··. ' 
.... ,\ ·.. . . . . . . ➔• . . ,.' .. ' •. · \ .. 
3:6. Precession of the spin about.the B · direction (see sect.3.2.) .means that 

. . . . . . . . C' . . - '·· ... I • 

· the atom's spin-'state alters when the atom'. interacts with the magnetic field. The ' 
. · .. ··.,' ·➔ ·➔ ', ·. . ' . . ·, / 

exception is the case ~o I_ I B c: This allo.ws one t<:> measure the spin state with~ut 
. - -- . . • ➔ . . , ' . 

· changirig it in th~ following way.· Determin!! ~o in t~e-way described above. Ta~ ' 
.. ,, • ➔. ➔ " .. ' ,;. ·: . ' 1· '\ !"' . 

. ,the Stern-~e~l~ch device ~t~ Be' 11 ~0• In thi~ case, Xo =.x+ and, th_~refore, _ 

.• ;A_ == (X~ I Xo) = 0. This means that.all aton:ts acquire momenta belorig_ing to 

.. S ~ being in, ~he_ initial spin state x0: So· having meas tired x
0, one may indicat~ a 

measuret;nent which determines_x0•~thout altering it: ~sse~~ially/this is {he -

• - well_.known·dse ~hen the· nie~sured wave function is the eigenstate of the ob- . 
s_ervable: The · distinction is that one now fits the . observable using some . ,, ' ' . '' . . . . '. , , ' 

. preliminary
1
info_rmation·. · - , .· . .. - · · · . · 

. 3. 7. Tp.e peculiarities of the version considered in sect.2, as compared to the 
conventional Stern-Gerlach .case; ar~ rooted in'that the Stern-Gerlach magnetic 

\ field B(1') is strong enoJgh for splitting the initial pack_et 'Po into two ones .. 
'. :,• .. , ~ ..... ~ ,I \ < ' ' •• )' • ' •; :-: ••1. • : • • ,, 

rp0 exp ( ±' !qx ). One _cannot describe the. ~plitting using the ~rst nonvanishi~g . 

• orde~ of the perturbation theory. In this sectio;, we liave used instead the exact 
solution (after siriielifyintthe int~raction Hamiltonic111, see eq.(22)), together ~-

• I ! with the inequaHty,B » b('x). . . " r . . . . . '. ' ; , . . 
. \ ·, ,_,,.;: . .'.,, ... ,C . . ,·· : 'I .•. :~". . ,·' .:. ·,.,.', .'" ';' ',,: ➔ /',·.' 

·, There is no such a.splitting when atqms interact with the weak field B('x),
.. which wa~ considered in sect.2 (to. justify the use of perturbation theory) .. 

. , , ; 'Instead, r-,0 suffers a shift (pk')" ~ Pok' seeeq. (ll) and a spreading. Measuring 

• _. S ; the -~hift allowso~e to determine x0_-with?ufthe fot~tiot1~ ~f the ~tefn-Gerlach 
,, · r· I , : - · ' ; ' · · ' - . ,' • 

· · device described in sect._3.5 . 

,I 
•·4. on:• the «Protectiv~;> Spin.State. Measurement-by,Ah.,ronov, .. ·_. 

{ . 'Anandan and V ~idman , · · 
1 

• • •, I ) 

- ._·. «Protective>> measurementsuggested by Aharonov, Ariandan arid Vaidman 
· (AA V) [5 J is based upon eq; (30) for the moment~m change qacquired by atoms 

~h~n _int~ra~ti~g Wlth .t~e ,magri~tic field. Note that to find-,IA+ .1 2 usi~g 
_.. ·, . . . . . •. . ➔ . ·, .. '. . -... -. . 

. eq. (32); one does not need a precise measurement of q. The radius of the sphere 

. s ~ can he_ rather large: -_orie ~ust ohly reqtiire _that the ,spheres s ~ and' s; 
, . ' . ,. . ,, ' .\ 

11: · 

·\.( 



' . ' : ' '•' ' ·. ' ' ,' . \ ' ,·' 

ce11tered at Po - qand il'o+ qdo not intersect. What additional informatfonis 
~ I • ', , \ ' ' ' /' 

· provided bya precise qmeasurement? Eq.(30) allows, e.g;; determiningn~ if 
I . ,, . ,, •., . •. -,' '. ,- ➔ ,. - \_ 

~ !nd _q! ~re~own/So if the purely inhomoge?eo~s part· b~~) ~f }he fi~l~ 
B(x) =Be+ b(x) is knmvn, t~en t!1e at?m,mom~ntum m_easurement can play 

- '. i '. :·' . ➔ 

the role of the magnetometer wllich determines the direction of B (under the 
' . , . • ' I ·.' , . ' . • ' -'. C " . 

condition B >> b). ' . . . \ , 
. . C . ' , 

. . _ Now the ry\ Vsugiestion may be .r~p~e~e~teci as follows. S~me~ody (he_miy 
\ qe called preparater) prepares a~oms ma spm ~tatex0 (polanzattonvector s0) 

\ . ~nd s~uh~neou~ll'.. imposes on the atoms a ~omogeneous mag12f1!; fiel~/ 
. B0 I I s0. The field B0 is ~uch stronger than the Stern-Gerlach field B(x) us_ed 

.l,. ": '· . ',' ·--: ., .:','.,I' '•, 1 '''-.- \ , ... ,,/. ' . ,, •. ,, ➔ 

· by an~ther_person (e'xperim~nter) :.to determine Xo that is unknown to him. B6 
' •, .. , , . . ' ,· • ) . . , ,,, '·, ·; ' _.\ .. '.t ,·_, '. 

. acts' on the atoms at all times. The result is .the absence of a sensible spin 
. ·,• -➔. ➔·➔-'. . ., ,, ... , "! .·' 

processio11 in the field B0 + B(x) during the experiment (se~ sect. 3:2). Spin 

state does not di*nge when measuring theatoni mome11tum: one has Xo s;; x + 
- ' • ' I I • •,,, ; • . ' •, ,~- ' ' - - • r •, [ i • '" : ·., ' . • • : ,·_ •, •·' • ',' ',' • ;' • 

: and, th~r~fore, A_ ~ (~
7 

l·x0 ) == O •• This me~ns th~t;all atoms ~f~ufre_ the, 
,, ' . '' . ',',➔ ➔ ' ' ' ' ' 

s_a.me _<almost pre~5:e)' momentum-~ - q,and, _th~r~fore,_ ~ile .ne~~ onlro?e _. 
atom t~ IJieasure q and'!hen t~ find n whichjs now practkally the B0 direction. 

' ➔'' --➔ ' ' ' ' ' \ ' ➔ ' ' ' ' . . " . ' \ ➔ 

As B0 11 s0, this is equivalentto the s0 or·xo determination. AAVisay that B0 : 

. <<protects»x
0 

agai:°-stchanging during themeasurement .. '. . . . 
•' ' 1 ,' • ,'.,' ' • '!,: -~ • t' ' •{ ; ~ , ' ;' •. ' ,'',.'\I I' 'c, . '' ,·,.' ' ' ._. ' ➔.' .. ,'\ >: • 
, I n?te that \ t_he 'AA V «~r?tection>> al~ows one \ tlf measur( s0 , without. 

,,._' ',· ' .·,, ,, ' '' ' "· ,, ' ' ' ., ,➔-' 

measuring even as~ngle atom_. ~n e~peri,mente_r mar simpl~ determinetheB0 '. · 

direction using a'Ulacroscopic mag~efometer. It is unreasonable to suppose that ' 
''' ,,., .. ,, .. .' , . ' •,➔➔ ·,·, , :·,. ·,' .1., .'.',. , 

the experimenter knows, the field b(x) but he. is unable to employ a usual 
, ,, ., ,', ", :·: , l ' ➔ , " '.',, , 

magnetom~ter to de~~rmi_ri.~. t~e· str,oi;iger. fiel~, B0· whkh is presen,t along with'· 
➔➔• ,,, .,1 / ',' ' .,.,, J,\' ,,·;. ··:,••·,! \.' .'' ,; '(,. ,, ,\· I 

b(x ). so:if «protection» is presen~, then one need :",Ot do just thequantum meas-
uremerit.H is suffi~ient to ~ea~ur~ only <<protection>>. : • . . ·- . - . . ' 

' . ' ' ' ' ' ' '' ' ' :, \_ ,,', ' ·, . ' . . ' 
Note al similarity between. the conditions for the reductionless spin state· 

measurement disciissed in sections 2:5, 3.6 and the AAV protective condition: . 
somebody (the preparater) mustJmow a spin state in.order it~ reductionless 
de.termination can be realized. · , _. .. _ , _ .• , , ··_ .· ·... · . . . , ·• .. · 

·1 ·., ·;,_• , .•i, 

5. 'Comments 

5.1,. l The wayof the spin state determi11ationprnposedin sect.i differs in 
many respects from the canonical scheme-of.quantum measurement,_ e.g., see·. 

.•. • I •• , • • ' ', ,,, ' • •.• ' 

; I_,/ 

[2;3,4,9 ]. ~The ~use of /the peculiarities was discussed in sect.3.7, the· 
peculiarities themselves can be stated as follows. 

. O~~ can~orp~intout any definite spin observable which is measured, e.g., 
such as the operator 'iJ. nin the conventional Stern.:.Gerlach case, see sect.3.5. In 
this respect:our proposition differs ~lso h"om the «general-quantum theory of .. 

. measurement>> by,A.Fine [12 ]. .. · . ·· · .. ·· _ . · ',, : 

,. Our interactio~ Hamiltonian HI = g(t)µ'iJ. B(~) is not~ ~roduct ofa sin'gle . ' 

spin observable and a single apparatus observable. [2 ]. Three independent spin 
-operators ~I' Gz, a3 enter into Hr Note. that to ~detennine Xo, using the:.:- ._: ___ . 

c~n;eriti~~al-Stern~Ge;lach.d~~ce, ~ne m~st also m~sure successivelythr~e 
independent observables;;. 'ii, 'iJ. 'it',· 'iJ. 'it'', see sect.3.5 . 

' . .· .. ' ., - ' . . ,.· .. / ' , . 
,' ·. , The atom wave function tp(t)during and after the magnetic field action is • 
not ari':expinsion of the kind.q:,+(.x, t)x+ + ·} _(x, t)x_:tx+ andx_ being iiide"'. , 

·penden.t ofx. This expan~ion is characteristic of.the ~o~ve~tiori~l-Stern-Gerlach · 
' case, see eci:.<3 O.J~our calie, the expansion is replaced by_ eq. (28) providedthe_ . 
inequality B » b(x) does not hold:,Then, X+ entering into eq~(28) depend .· 

. • . C . . ·. ,.. . ... - .. ·. . . 

:appreciably, upon x. This means_'· that._--·there, is no strong correlation 
(entanglement) between the atom spin state and the atom momentum. . : . 

The so-called -~<impulsive measurement» approximation [2] has• not been 
used in this paper'.'The interval; during which theinteraction H/.t~kes place, is . 

; not considered to be small. and HI is not supposed, to 'be stronger than: 
·,. 
/ '.' . 2 . , 

H··=p-/2M. · 
.,_ 0 ', ·,,, ' 

- . :;.5.2. It has been ·shown in sections 2.5' and 3:6 that there a~e ~xc.eptional 
measu_rements which determine the spin state Xo without, altering it (so that Xo ' 
suffers po. reduction under the measuremen9. They must satisfy some 
conditions. To realize these measurements, one must preliminarily determine , <x0· employing usual measur:emenis which alterx0• ·· 

' r. > I, , , , 

, The <<protection>> used in the AA V way of the reductionless spin state 
determination seems to be' an example of too.restrictive'condition. Under. this 

. condition the problem of quantum measurement of 'the wave function is reduced 
to a classical meashrement of the «protection>>, see sectA .. ' ' 
. ,• ' ' .I ·,' 
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Appendix. Spin State I)escription 

· One =·•h~ that an •~~*~!)' ~o;,;..l~~d spinorx0 = ~) may be repre-. 

sented in the form given in eq. (27) (the common phase .of the spinor being 
- irrelevant).·• · · · · 

. . One can ·verify also· t~at any ; 0 is the ~igenst~teof 'a·spin operator d-it
0

. 

belonging to_th~ eigenvalue + 1: The spherical __ angles 00;¢0 of )he 11t1it vector -
➔ . ' . . . . . . . . . -· " 
n0 are det~rmined:by'the spinor comp~nents a-and f3 w~ich can be ~arame!rized 

as a = .cos 00 /2,' /J_ ~ sin 0/2 exp i.¢0." 
" . 

~ _ • __ • .• , ' 1 ➔ • • :' .•-. " .. > -. •• , ',, • ~•c-: •• • ~ 

The words_<<spin is directed along n0»may haye the sense that the related. 

··• spin ~tate Xo is th~ eigeristate of the operator.(d- ito). Another possible sense is_ 

that t~e relat~d:polarization vecto; ~-:,;, ( !o I ctr Xo ) coincides with it
0• >' . . · 
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Note added in proof . 
,;,,. . 

Recently .two commehts on AAV paper [5) have appeared. W.Unruh 
.(Phys.Rev.A, 1994, vol.SO, 882) discusses the way of <<protection>> (measuring 
interaction switches on and out adiabatically slow) which is different from that. 

. used in reality by AA V in their sect. VB. The paper by C.Rovelli (Phys.Rev.A, 
·.1994; vol.SO, 2788)· deals with. the AAV protection by means of the strong 

➔ .. . 
magnetic field B0• Rovelli argues that AA V suggestion· can be.reduced to'. the 

. well:..known,case.of ~easuring th:e observable whose eigenstate coincides with 
the measur~d state Xo· !share Rovelli's critidsm though my cornrrienton AAV 'is 

somewhat different '.(see the end of my sect.4): the AAV «prote<jion>? is so 
_ restrictive a supposition that experimenter needs only·.to measure_ B

0 
(using a. 

· .. clas~ical magnetometer) in or9er !o obtain the infor'aiati9n onx
0 

~hich'already A 

has the preparater. The problem of getting theinformati~n-is realiy moved asidJ 
. to the preparater. .· . . . . . / 
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