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c As is known:.one needs not tci'do'all'possible··palarization experiments for a phase

shift 'analysi~ :o~ 1i-p ·or p-p 's-cattering; There exists a so-called necessary and comp

lete set of experimentsl 1 , 2 l. It is shown that the "redtindancy" of- some remaining experi

ments is a .consequence of·--the main-· features 'of the quantum mechanics formalism· (and, 

principally, is due to the description. of the states· with wave functions)~: The establish

ment of the equality between'the calculated (with the help of phase-shifts) and the 

measured results of the "redundant" experiments will thus constitute a check of the fun

damental quantal postulates •. Experiments of' such a kind- have already been performed but 

their qccuracy is to be considerably improved for our purpose. 

I n t r o d u o t i ~ n 

The paper is devoted to.the question of testing the fundamental quantal postulates: 

I o(. I Primary and complete characteristic of the physical system state is a wave func

tion which may be represented by ~vector in some space. Par~icularly, the time-develop

ment of the characteristics of the system (mean valuesand so on) is due to the change of 

its wave functionj/. 

1- p I . In the above space there are complete sets of mutually orthogonal vectors-wave 

functions in which one can expand the wave function of any state •. In the case of a spin

less particle one of such systems is a system of wave functions describing states with 

all possible definite momenta. 

The above mentioned assumptions are formulated in more details inlJl as "General 

properties" (properties A-G). 

It is known that the Heisenberg-uncertainty principle and the ~ave~particle dualism 

follow from this formalism. Although the indicated description is not a formalism deduced 

_inevitably from fundamental experiments1 4 1 .at present one assumes that the particulariti

es of any.experiment can be, explained by means of either particular assumptions (for 

example_, on. the form of the potential in the Schr~dinger equation) within the framework 

of,this formalism. Without-suggesting an another mechanics we indicate means for testing 

the validity of the main properties I o(. 1· and I j I, more accurately, the properties 

1/Ifa state .is.described by the density matrix the weights of separate sharp states 
under free.development of the system do not change. Only the sharp states themselves 
change~· · · ·· 
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A-G iniJI (but not the correctness of one or another type of interaction). One·may belie

ve such a testing to be reasonable at high energies of scattered particles. 

Since this test. deals with the most general assumptions of the quantum theory it 

must, strictly speaking, precede the test of dispersion relations, for example, (which· 

use the so-called ~local properties", seel 31). 

The idea of this paper may be summarized as follows (see also the abstract): "If the 

phase~shift analysis is not possible the. quantum mechanics is not correct". This asser

tion is illustrated in §1, in §2 concrete experiments are discussed. 

§ 1. Scattering of spinless particles 

From I o( I, ·1 J3 I and from the laws of conservation follows that the angular dis

tribution d (.&) of scattere~· particles has to be equal to the square of the module of a 

some complex function f (eos$) possessing the unitarit; ;ropertyl 51 

Imf(~~~)= 't~Jfc!Crl~df .f'*{4t3$) j((.8j$cr.~ + .Un-8£l'n$, eo:sp) 11.11 

if there are no other channels of the reaction Q.+ 8- besides the elastic scattering 

a+C~a+C. 

The two equations d(-$)= ){(8)/
2 

and the non-linear integral equation (1.1) (for 

the function j ( -8).) may have no solution for any kinds of function d (-8) • For examp

le, one of the conditions of its solvability is 

d ( 0 °) ?- K~'li)1. 'cf-2. 

and from 

11.21 
d (o•)·~ following from 11.11 when $.,= () (optical theorem): J,.,f{IJ"J= ~: 

~[Jm {(0")]~ IIere 'd is the· total cross section of the elastic 

that 11.21 is not fulfiled for any function()(~) *. 

scattering. It is clear 

The general considerations of the conditions of solvability of Eq. 11.11 and 

d(.S)=[f(.S)/2. can be performed by using the way of solution of Eq. 11.11 which is 

based on the well-known expanSion ofj( ($) in Legendre polinomials (phase-shift analysis). 

The funotiond(~) mr ·be viewed as a representation (description) of experimental 

data. The fact that it depe •. ds on only one angle {} (and on the energy of scattered par

ticles) follows from the law of conservation of total momentum and angular momentum (but 

does not follows from the quant, 1-meohanical approach, see appendix A). cf($) as any 

* Of course, it is not possible to measure the cross section accurately at the 
angle ~= 0° • But if the particles are identical (for examp0e, in the scattering reac
tions H12.+ He-> He+ He or ;'1'~-+.:ll .. _.:r,.,..,.:li.,.) then d(o•) = d ( 180 ). 
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function of ~ , can be expanded in the compl_ete set of functions of ~ , for examp-

le, in Legendre polinomials: 
00 o (~> :;_L .ft. ceo~~) B~. , 

.. 

'";,. 
(l.J) 

1.=0 
If the. electrom~gn~tic -interactions can be ·.neglected c5 (9) is represented in the 

form of a finite sum overl(consequence 'of•-'short-'-rangeness· of the i:nteract~on):. This may 

be a~sumed as a generalization of experi~renta:l, data. '.Let .us;neglect all B!. .for /.,~ 3 *. 
If the scattering may be desc:ibed by the quantum mechanics, then (se~ for examplel 6 1): 

11.41 

From 0= B3 = ~'t ==- .. • follows that all the. phaseshifts-are equal to zero ex~epting ~ 

and · ~J • The .three coefficients 811 , B.t, 8<. 
l. 

·are expressed in terms ·of this two 

real phase~-. Using the known v:alues o:t: 8,,. alld ~ , for example., we can find two· pos-

sible values for 13:1 • If the experimental value:_ of B.t.: coinCides with no· one of thein, 

I o/.. I and I J3 I .,are not c o:r.rect. 
·~· ' _We do not suggest concrete. ,e?'periments on: the spizll'ess particte scattering~ The. rea-

'· ·'· ,, 
'be son may explained as follows: .one might to carry .. out for the present only the reactions 

such ·a's scattering of 7£-meso~ by hel:fum, by'earbon-and so'on .. and·such asHe+He~He-+lle. 

However the scattering ,gf the f,irs~ type at any energies have without:fail another chan;_ 

nels (for e~ample, !ff<H~-;:T;;t rt) ~·nd th~ .. unitarity· 6onditionl,l.ll 1i~c01nes more complicat

ed. The combined study of several. channels is not· a simple experiment \(note that l1'.2l 

holds 'tru~ in the presence of other channels if d means :the; sum 'ot' total 'c'ros's sect'ions 

of all the channels, including the scatteri;11g). The reactiorcHe+He::....,, has .. no other chan

nels until the energy of incident 0/-. .,-particle .exceeds Jo· MeV. (in the· laboratory system) • 

However, the majority of the fact~-confirming the quantum' mechanics relates to: the srriall 

energy region. It is worth t<:>,seek d~screpq.ncie:;; at energies.much higher than the binding 

energy of the nucleon in the nucleus, for instance. 

·•.,.,._. 

_. .. ' ' '' :· 

•• l.< 

---------~----------- .} ·. J 

' · * In other words three c6e:ffic.ients -f3o; 81, ~. :c~l~ulated- ~1 th help of the values of 
d(9). for-three values· of .the angle.>tl give correct yalues''.of d(i1) ·for several other 

angles. 
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§ 2. Scattering of Particles 

with Spin 1/2 

"i' .. , 

The cross section of soat.tering of particles with spin 1/2 on 

may be also represented ip. .the form of Eq. ll·JI (see appendix B) but 

number of coefficients.B ~s equal to the .number of phase-shiftsl 6 1 • 

sp:Lnless partie les 

in .. this case· the 

. ( ,.. . . } {I( -2t~ )(J .2iS )~ 
B = ..L ) 0 12. f. .l {, I. 0 ~ L R.e 1-e · :.{e, - e ~ <- · 

'L 8 k% I ~I :Z z. 1 2 · ·' 
f., ez,;;, ~ 

in view of the fact that ~0 each orbital momentum e there correspond now two phases 

12.11 

with J:::.e± ~(space par~~yois assum.ed to be conserved). Therefored(8}may be ~rbUra

ry (non-negative) function of D 
Let other chanuels be absent. For instance, let us take the scattering :Ji++ P""*1t+ p 

at Ji-t-:-meson energies up to 170 MeV (in the laboratory sy~tem)*• In fact the c_on~ribu-
. . -~ 

tion of inelastic interaction :is small at JOO MeV as welt.· Then from the unitarity con-. ' ., . . . . . . -

dition- follows that the phase!!:~~Ie are real and to the lDJ31lsured coefficients /30 '13.J. etc. 
' . ;.,.~ ~1>,-. • , ol'• • 

there correspond several possible sets of phase-shifts, several solutions of the system 

12~11. With their aid one can calculate several possible values for the ~eco_il proto_n _ 

polarization (at some angles of} ) and compa~e with the polarization measured. If. not a 
. , - . ·. . ~ ;. . \"- •' .· ~ :. .'- " . 

single calculated polarization valuef'(S) coincides with the experimental one this .would . - ....... · .. , ·- .. ...... . 

mean that the· quantum - mechanical approach to scattering l>robl_ems ~as ,J:lo,t ,t;-1..\~~J':·, _The 

. accuracy of experiments a.lre~dy made may be characterized by the fact that one can not. 

yet choose definitively one set of phase.:..shifts (see 171 ' the e!lergy of rr+ mesons is 

J07 MeV andiBI the energy is; Jl2 MeV). 

If other channels- are-essential the phasesfare complex. In order to choose either 
rt ' : ' ·. 

solution we have to .compare :the measured and calculated values of;the asymmetry €35 (.9) 

in __ the triple scattering, seelll (nR - experiment 11 ). However, if ther.e are no.:polarized 

hydrogen, targets it is impossible to carry out experiment of such a"type·f~r'the~r~ac;:;\ 
~ . . ' . ·' 

. .. ~ . 
* Of course, the~e is always the channel 1f++p~7f++ r+r.. Uowever, .its contribution 

does not exceed 196 ;~.t.~r1ergies'up to JOO MeV(see, i'or ex.ll4l). This means that if the 
deviations from quantum mechanics does not exceed .1% the process is described·by quan-
tum mechanics. · · 

~ ~ . ; 

** Of course, if this occured, at first it wou~d be necessary to attempt to_ make a 
phase-shift analysis with greater number of phase-shifts, i.e. the .non~coincidence~should 
be "steady" witJl respect to various ways of phase shift analysis. The phase-shift analy
sis may be substituted by any other way of· investi~ation of. the solvallility of·Eqs•'!'J;2j 
and IJ.41 inl2l analogous to the equations CS(-'l==lf(.SJIZ. and 11.11 for scattering of the 
spinless particles. . ,. · · 

'""' ,!; 

d 

J 
' 
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tion '](~-t f_.~:t.t- p . But one may suggest a triple scattering of protons on helium. 

l''or such a type of triple scattering one may propose one more "redundant" for any 

energies experiment which does not require a phase-shift analysis. We have in mind the 

,asymmEltrye3n.~ ., seel 1 1 • .All the .three 'scattering are petformed inth~ same plane. Let us 

d_enote 'the ... number of particles scattered in the second scattering to the left and in the 

third one to the right by du~ (.f7) $ being the polar angle of the second scattering. 

The function } 
. . _L [d. (-8} +OR~ (-9}- dL.R (.e)- OR/. (e) 

4'RP3 _u , • (2.2) 

must c·oincide·· with cross section d (~} when the beam is unpolarized* (·depolarization coeffi

cient · D ·is to be equal to .unity, see Ill and also~ appeJ'!dix . B) •. P1 is the· magnitude 

of polarization after the first scattering, PJ characterizes the third scatterer. 

The investigation of the PP scattering is also at present in that stage when oply 

the insufficient accuracy ~?-''!!~nts from testing I o( I ~~cL I B · I (yet it is not possible, 
nr\ . . r I 
fcir example, to choose definitely either set of phase-shUts, see 19•10 ) • We not·e that the 

~. !' : :,._.,; , 

!Q!'!IlSured value of the coefficient cnn (correlation of Polarizations of the scattered and 

the recoil protons, ·an the scattering planes coincide) and· the calculated value closist 

to·it differs ·almost ·by two standard errors (0,75 :t 0,11 and 0 161 :t 0 106 respeotivelyl101; 

an another'set'of phase-shifts yields Cnn = o,JB :t 0 1 08). If the difference of such a ty

pe maintained aifer improving the accuracy and if it turned out to be steady with respect .. 
to variouS. ways 6f· phase-shift analysis this would provide evidence that I 0( I and I p I 

.fail. 

Appendix A. Scattering of Spinless Particles 

The conditions and the results of the experiment may be described by the function 

~(A',f;; ft,f,J giving the number of particles scattered in the direction of the moment'um 

fJ _(cor;resp~nding recoil particles have the momentum />}. )\ under the oonditio:o, that the 

beam particle .momentum was definite and was equal to p; (target p~rtiole momentum was~ ) • 

As regards the ooordi~ates .they are in any case not fixed (by accelerator) and are not 
. . .. 

measured (by counter) with such an accuracy that one may speak about the observation of 

scattering of a certain beam particle marked by indication of its trajectory on the 

.m~~k~d :o;; the indio~tion ;.f its coo~di~ate) target particle •. The experiment makes sense 

for :be~ni -~:i.th ~roitra~ily large .section. 
~· .... 

In classical, quantum and any another mechanics there ought_take place the law of con-

* . As prof. Markov observed this result follows from I 0( I used .for the description 
of the spin state only (but not the coordinate-momentum one). 
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servaticin' of total' linear' ~nd angular momenta and of energy since they follow 'fr'om the 
~: ... , ' 

fact that the space (and- the time) are expected to be homogeneous and isotropic. Let us 
"l • ' ... ~ < • ' 

introduce· instead of ·Pi ahd 'P2 the total momentum P and-the r_:lative m~mentum ~ • 

·The law of conservation of total mom~ntum ~eans that. cp (f~ P~; f, P} is ·equal to. ze-
- I _, . , . . _., -

~o, p.rovi.ded P ~ P .. Theref~~e w~ omit the .indices P and P _and in the following we 

as's time ·the process is d~scrib.ed in tli.e center of mass system where P'= P == 0. Then, if 

in the space there are no prefered directi,OJis the number of particles scattered in the 
• _,. •• ,:·' ' • I' ' • ...... 

direction p' under the condition .that the initial relative momentum was )0 is ~qual 

to, the number of Particles scattered .in the direction of i p' ( j p' is a momentum 1' ro·· 

:tat.ed around a ce;rtain' axis ·about a- ·certain angle) under the condition that the initial 
" ..,. 

relative momentum was, f]'f : 

.~ .. q:t(jp'; j'p)~ cpCp', p) 
· (A.l) 

(indeed,. the second e:icpel','iment differ from;t~e first one only by the. position 'with res

... pe~t-_to the f;ame ,of ,reference). From here follows that C/J depends only on the modules 
~ '. '' ~ -. . ' . . ' . .. - . 

. -, ... 
o:t:;:'f . -and· p (w~ic~ are equal in virtue of the energy conservation ) and on the angle 

.. _.$.y. 'betwe.e.n them. r i; 

: . ~~ there are no other chan~els thenffd.u q.J{-8}::.. ·1 · as a consequence of conservation 

of .. numbe~ ;of .particles. BY• subtracting from (/J({}} the function describing initial redu· 

e~.·beam.(s~ch as o{$(p'-p)j .O<c>/.~1.) we.obtain the cross section d(8} 
~ ,. . ' 

Ap.E,endix with Spin 1/2 by Spinless 
· .• c • 

'Partfcres · 

The·''ciuantilm - mech~riic'al desc'z.iption of ·the spin state is taken. s'ince our plirpose 
: 

i's~ to· ~erif~ if the dyna~fri.al 
'' . 
parameters introduced by quantum mechanics are sufficient 

,. ~ _; ,"'" .j; ~ ;~' ·· . .:· ·. ..~-- '· ,:., ' . . .-' . 
for describing experiment or a greater number of parameters is required then this adopt~n 

' -- ; .· • .:. -- . ·•. ' • . -.•• .: •· • ~ ' -1 ' • 

' frpm quantum"niec!la.'nics sim.piy rest_ricts perhaps the possibilities for testing I ol... 1 and 

I fo I (the dUfer~nce' from qu~ntum me~'han'ic~. wil·l consist only in reje?~in~ the ass~mp-
tion th.~{ tli.~: ~eik~ts' ~f ~harp ~tates d~ n'ot, chang~ with- time~ see r~mark .. 1 ) • . , 

The arbitrary'·~pin ~tat'e oi the particle with spin 1/2 .is d~sc;ibed by the H~rmitean 
den~ity m~:t~i~ 'involving~ rbur' ~le~ents~ o~. so-c~lled. polarization tens~r:,. s~e 'for ex~ Ill I· 

For example, scattered particles are described by the functi.onG( P ~ f J (which r~pr~sen;s 
their angular dist:Hbu·tio~ ) and cby 'f~nctions ~'rp;p}, r;,.,, ~,(~he ;r~jecti~ns :of their_ 

polarization vector). The spin state may be also given by indicating the fract;l on.. P of 

totall~ polarized part~~les '· Gl:..P'' will be· theiJ. a· fraction of unpolarized. particle;). Note 

I 
\ 
! 
' 
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that P turns out to be equal to the magnitude of the polarization vector P =Vfx~~~\~~ 

see I.L!! Let u~ direct the axis ~ of the co9rdinate system along the beam polarization 

vector P . Introduce the function W(p~ jJ) which represents the angular distribution 
. ~ 

from unpolarized beam (P=O) and the function W?- (f',fi) which _represents the angular dis· 

tribution in the case of totally polarized beam (P=l). If O<}'<f we have; 

d(f',"f)= WCp~p)(i~P)+ ~Cp;p)P<2 

= W (~~ p)-J + ~ (p;p)·P 
IB.ll 

The linear dependenc~ of d(p~ p) on the beam polarization vector magnitude io- a con

sequence of the obvious fact that the number of scattered particles is proportional to 

the number of incident particles of either kind (polarized' or unpolarized). 

Let us denote the values of X , J and ~ - components of the polarization vector of 

scatte~ed particles. when the beam is unpolarized, by Wx(p',f}, WJ' and W.? oorres-
t;,x{~' ... ) w~:t w ...... ~ . 

pondingly. Analogously vr~ f 1 f , ~ and i- denote the corresponding components in 

the case when P = 1. If 0< P<l we have 

IB.2l 

.... ) In the other coordinate system (the axis :Z. is usually taken along initial momentum p 
the beam polarization vector will have the projections P, : P·~;i!-.:: ~!l.t;i Pe· where 

g~i is the matrix of the corresponding space rotation of the coordinate system. We in-

W, ( ... , -) Uf( .. ' ~) WI< u/1< · · traduce new functions ,· p,p -=v~ f1 f'J~zand i.:: vv~ :J~/ Let us introduce also in-

stead of the Decart projections of polarization vector t,he cyclic,.ones 

, ~,o = R 

Now JB.ll and IB.2l can be combined into the relation 

) 

I . . . 
•l: .::: -1 () tj 

1 I • IB.4l 

where p;0 (p;p):d(p~p} p/,z;, arecyolicprojeotionsof P; {JcoCPJ::j 
i . pa.zt£cee / d th i if the flux density of incident particles equals ·· .. /Sm . .z{ec. an · ere s one 

target particle. 

From the hermiticity 

tions·of the polarization 

of the density matrix (or· from the reality of.Decart projec

vector) follows that f.)* -1'.:.1 J7:"o0 _:,:,.. , Therefore, . 
J 'J,'C -c J ;., ' 

:f 
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.· ' . • * ' f ' ·, ' e 
~· ..; ' ~.· ,, 

[Wi~7:' ( ?~ pJ] ~t-tJt"~z- wt~'r1:fJ IB.5l 

In quantum mechanics w/;' == & sf de-, R. d't" kt .IB.61 

where R is the transition matrix (see for example,l 12 1 and alsol 11). 
1''C' We have showed that jB.41 take place also when W'f'C is not represented in such 

a ;form. 

We agree that futher the projections 7: are referred to the system of axis· A with 

the axis ·zA:f/ p and the axis !fA directed along that beam polarization vector compo

nent which is perpendicular to ;> , while the projections-z-' are referred to the 

system of axis c with the axis zc II f' and J'c II [ f~p'l. u there are no prefered di-

rections in t'he space then w r:' ( f~ f) is to be of the form 

f'Ci(~,-,_~ r ·c3'7:'' Wa.r: f}f -~ 21, (-Tr,~7i-r) "tJ'-c'l/o" 
y 1: L' L 7: I 'C ; 

I J 

I B.71' 

h: ~ '-c' 
• (~'L'I Wr/ ~t) Cfr-Lo ~ W~ r ($,r) 

Here (- 91, ~~ 'li-'f) are Euler angles of r_otation carrying the axis A into the axis 

C; % and If are spherioai angles of the vector f' with respect to the system A. 

If th~ parity conserves, then (seel 12 1) 

R (~,o):i( ( .. ~/R{~P)/-+%.) (& lR/-'tz)):=: (a(~J. /{$)) 
. (-&IRI+~) (-~11<[-~) -~(-9} a.csJ 

where the projections m' ·and m 'appearing in the elements ( m' I R (-9, 0) Itt~) are related 

to the system C and . .A ·.respectively. 

The angular distribution fr.om the unpolarized beam is defined by the function 

W 00 {~,o)::. ( /atz·.,. /6'/2.) and the function 12.21 is defined by the sum 
00 

w~-1 (.9o)+ W1·-1(-$,0) (see Eq. IJll in 112 1), equal to /af2.-t I f?F-
1-i I f,-t1 
' Let us note the· fact that -the equation .1)=. · 1W1-1 (:~.o)+ wt,-t {$.oJ' /W"'\~o) :::::j l 1 t-t. J I,+J I I/ I 00 p, ' . • 

do~s· not follow 'from the invariance under space rotarions. Indeed, ~~7:' is expressed in 

teinis .o:t'coeffi~ients(.i Lq WI/JL) while W t>o: is ~xpressed in terms of other coefficients 

(OL'I Wj/OL)::: el.-St:L s.t,L' I ·see (B.t-). ·.· . '· " 
Let us note that the law of parity conservation may be formulated in terms.of polariza

tion tensors (without· the help of the transition matrix)as it has been made inllJI., We ob-
(121 . 

tain the same selection rules as in quantum mechanics,· see , (of cour.se, in quant~m me-

chanic8 there are some additional stronger parity selection rules). We emphasize that the 

I 
I 
\ 
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t_est of _parity conservation suggested in1 12 1 does not depend on the fact whether or not 
' : quantu.m.mechanics is consistent. 

r 
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