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Abstraci

I t i s s h o w n t h a i | o o b t a i n h i g h e r s e n s i t i v i t y i n q u a n t u m e x p e r i m e n t s w ] t h
test masses rn o".lliuto, i.lror"'pa*l.ing than a free mass. New methocis of

realization of or".i,uni.ut ,igiJity'*itn ueiy low quantum noise ate described'

Possible schemes of quantum measurements based of these method are dis-

cussed.

1 Introduction

The creation of new or the d,evelopment of existin€ theoreticar moders are forcing the

experimenta,Lists io invent ;;; t;;;"t methodi of measurements This trend' in

particular, is evident ia experiments with test masses in which the task of detecring

the signal is tbe oetectron il;; f"t* 'o1i; (an acceleration' a gradient of accei-

eration) acting on u *."'*toi mass rn' 
f"i :tT?j* 

at the second stage of the

nroiect LIGO-II (Laser toi"tf"'o*"t"' Gravitational trVave Obserrratory ffl) the ex-

::;#"#;;tii; ;J;;;;J*rin 'i" so'caned Staodard Quantum Limit or the

sensitivit.v (SQL) for tft" f"tt" ?tti'izl' it o uov.ttkelv ihat even tougher conditions

for the smailness of I'(i) -tiil d;ii; formulated. for the deiection of the space-time

fcam aciion oo *u"ror"onJ **, *'� 1r* original paper by s.Hawking 13] and also

t 4 , 5 .  6 l ) .
The experimeotalisi has a choice in this type of experiments: to detect F(i) acting

on a free mass rn o' oo u-J* "oopf"a *itn- rigidity K - m'2^' in oiher words on

an osc raior wiih eigen r."q'"*.v r-,- wbich is close to r,.lF - characteristic frequency

,of -F(t). At first giimpse ihe choice of free mass does Iook more attractive because

it is easier to isolate tft" t"'lt"f'"* tf'te heat bath-- The free mass and ihe oscillator

"behave" as quantum "ur"ttt iitU" followrng conditions for them are satisfied:
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where r is the averaging time, ,b is Bolismann constant, 7 is the temperature of ihe
heatbath, ri;.6. is the relaxation time for the free mass. Qs.s is the quaiity factor
of rhe osci l lator (see e.g.  171).  For I  = 300K and r  :  10-2sec i t  is necessary ro
reach r" .u. :  I0 losec. ro sat isfy condit ioo ( t ) .  The vaiue 1i .3.  :  l08sec was already
reache<i [8], new methods of the "substraclion" of the heatbath action on the free mass
are also proposed. These methods permii to reach the equivalent r;.r. - 10tosec l9].
For the same vaLues of ? and r it is necessary to have Qs,6. ) 1012 (noie that ar
ro,:m ternperature the highest obrained Q - 4 108 110]) to saiisfy the conditioo (2)
. At the same time if conditions (i) and (2) are satisfied and the experimentalist

has meters which continuously moniror the coor<iinaie c(t) at his disposal ihen the
sensitivity will be limited bv SQL (see e.g. 17, 11]) which for the variances of the
coordinate have simple forms:

(Ac5qr),,"."-.," - ( 3 )

To circumvent ihese Iimits it is necessary to have other methods of quantum measure-

ments, for example Quantum-Non-Demolition methods (see [12]) or methods based on

coniinuous monitoring ol coordinate with the use of spectral or time domain features

of noises of the meter [13, l4], All proposed schemes for a free mass based on these

Lasi iwo methods have two commotr fealures: I) all rre'iers are in essence paramet-

rical converters (the r(t) is transferred inio the modulation of some paranieler of an

e.m. resooator coupled to the mass m) and 2) al1 of them require correLation between

back action noise and output noise of the meter. Due ro the second requirement all

these schemes depend on lhe level of intrinsic losses of the e.m. resonator beca.use

fluctuations corresponding to these losses can't correlate with the output noise of the

meter. It ca.r. be shown that in order to detect signal ( times smaller than the SQL

it is necessary to satisfy the condition

NT
:-,'lr-n

2mu*



where rjr" is the relaxation time which characterize intrinsic losses in the e.m. res-

ooato, uni r,i"; is the reiaxation time corresponding to coupling ofthe resonator with

e.m. detector-lwe omit here and below all intermediate cumbersome calculations).

This condition together with the energetic quantum limit [15] leads to vely severe

requirement for the power of e.m. pumping I,]/. For example, if 4oo2'a r, where r is

the averaging time, ihen the Power

or, in the case of opticai Fabry-Perot resonator)

fi 'mc'at
^^:, .8, - cto'

where I  is the lengrh of  [he resonalor,  c is rhe speed

resonator corresponding to inrrinsic losses'

In some specific cases of this class of meter even

For example, in the case of QND speed meter li6]
necessarv to have

,n 2ri'�
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of light, F;*," is the fi.ness of ihe

more strict iimitations can exlsf .

in addi t ion co the l imir  (6) i r  is

w > 
* , 'b t - ,  

- , .  >- 64,t"(ri"l'�{r 
-

\/V >

so if ( : 0.1 and r = LO-?s then must be 1,,1' Z 102s (which corresponds to the

quaiity lactor Q;^n >- I}t' even in the case of microwave resonator)

In contrast with the free mass in the case of harmonic oscillator it is possible to

ovelcome the SQL without using the correlatioo of the meter noises because during

free unitary evolution quantum Jate of the oscillator is periodic. This feature permits

to e\ade rhe confrontations with contiitions (5-B)'

T h e g o a l o f t h i s a r t i c l e i s | o s h o w t h a t i i i s p o s s i b l e t o r e a ] i z e a r e l a t i v e l y i a r g e
mechaniiai rigidit;r which at the same time is a soutce of ve:y smail quantum nolse

and to d.iscuss the implementaiion of new schemes of quantum measuremenls

z  r  1 / 4
/ 7 \

F > { _ l) - \ l - . "  I
(8 )

2 Low noise rigidity produced by pondermotive

force

For many years ii has been known that pondermoiive-fott.t *ll,tl acts on twomrrrors

ii't"'#t"'"i '"*r.i"'"fi" "r;;';";t optrcal bandwidxh) creates -.""1:it:."1

.lgidiry-K0"., which may t" turg" if the reflectiviiv of the 
Tl]'"':. i: T?lr'"",:":T

i;#;;;"ril""L"ut"", i.-p"*ped rvith ile frequencv c'' which is detunei
Iosses are
from the eigen frequency ue = a - 1 (,"" "'g' 117])' If the detuning is large (this



is necessary to get a low level of noises,

satisfied:

see below) and the folLowing inequaliiy is

then this rigiditY is equal tc

Kp..a : mu!

l ,

l2^,

2u,W

Here

I F
' "  -  

i r c

- is ihe reiaxation time of lhe resonator, I is ihe distance between the

( 1 1 )

the speed of Light, t -is the energy between ihe mlrrors'

On rhe othlr hand ihe flnite 'rul,re of F will produce a fluctuating force which will

ac ton themassescoup led to themi r ro rs .Thespec t ra ldens i t yo f th i s . . backac i i on ' ,
lorce is equal to

The ,,quality" of rigidiiy rnay b.9 characterized by the minimaL detectable force rn

uoit. oi SQi. lV" .iy or" th" tu,k parameter ( as in formula (5-8)' but now rve take

into account only the noise from the rigidity' In this case

-  5e . . '  I
l L = - - - : - : : : - = -' hrnuz^ 2lri

h u - W

1 2 ^ t a (  r + \ 2
(12)

( r3 )

Substituting this value of { inio the formula (10) results in

r 6 . . , , w F ' � { 6  - ^ , c  /  w  \  /  f  \ t  /  ' .  \ . . 0
K , o n a =  #  

= r a L o d v n f  c m  '  ( * - * * 7  
'  ( l 1 y ;  

'  \ z . T o 6 /  
' , q o

\ _ ' , /

Thus for ( : 0.3 and lV :101ergls one may obtain the rigidity Koo^a = 70to dynfun

*ii.n *lii ,,convert,, a l0{ gram Jass into a mechanical oscillator with eigen frequency

r,.,- : 103s-r. For { < 0.3 th" value of }4/ will be inaccessible high However for

smaller masses (".g. ,n - I0.qr) rhis type of artifical rigidity seems attractive lt is

worth noting that this -"tiJd'nruy be realized only because very high values oi f

were recently obiained [18].



Another scheme with the pondermotive rigidity has been considered in the arti-

cle t2l. If mirror with transmittance 7 is situated inside the Fabri-Perot resonator

equidirt^nt from two en4 mirrors with high finess ;c then this internal mirror splits

the eigen modes of the resonator into doublets whose frequencies are apart from each

other by

( 15  )

where I is the distance between the intemal mirror and lhe end ones

I l theupperfrequencycomponentof ihedoublet isexci tedthenthepondermobive
force which acts on the internal mirror will strongly depend on the displacement of

the mirrors due to the redistribution of the e.m. energy t in the two parts of the

resonator. In other words mechanical rigidity Kp."a between the interlal mirior and

be piesentedasthe end mirrors will be creaied. The value of K pond may be P
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IIere t is the elergy stcred in each half

for rhe mass of the m.irror m = l0+Er the
of the resonator. This estimate show that

mechanicaL eigen frequency of ihe internal

power eouals to lV = J 10ierg/s This

Ko..a is the first substantial advantage
the pumping
such a large

mirror will be equal io L03s-1 if

reiatively modest Yalue of W for

o{ this type of a.rtifical rigidiiY-

hence

Spectral density of the back action forceln this case is equal to

2hu.Wc _ - -____:-o  d . A .  -  
l ? e z  

' (17)

t - : - - _-  nmu'
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Thus the second advantage ls a very low leveldf inirinsic quantum noise This level is

upp-*tutav equai to tte Level oi noise of *:*^Ti* "::"'111t"1 Tl 11|:t^j?:[:
;i;; ii;+ ti" u*u.rn with temperature 300K' The ufee'' 

IT'h 
"1,0:li:::lit:;

qf i  a:  z ' ) 'v-  l l l  l ,L Ic ue<lLUd,!u

has to pay for such a iarge vaLue ol Kpona and sm11t.val1e of 5a; it tl:::"^":,:1
u @  u v  y * J

symm"i.y io the pcsiiioning of lnside mirror 6lll anl tle nl*" *t1":"1:",1t-ll.:,::r"
#;;t;;;"i* ir. *'ur"r, may be quiie severe if the value.of ( ( 0.1 is requrred

7f

This method which permits to obialn a relativeiy iarge rigidity with low level

of intrinsic noise may b" ;;J in the scheme of gravitalional wave antenna with

;;;il;.[t1-G"" pig.rl. In ihis scheme lhe same tvpe of rigidiiv is transferring



the displaceme nt hLl2 of the end mirrors produced by the graviiabional wave wiih

u*prl ,"a"htoihesa.rrredisplacementoftheinsidem.irrorrelat iveiytothereference
*^ir tZ, is the length of the anten.na's arms, in ihe LIGO project tr - 4 l0scm)' If

theinsid'emirrorhasanappropriate..bump' 'andthereferencemirroranappropriaie,
*trench,, it is possible to use tle ,,trench" and the ,,bump" to create.a second Fabr.v-

p" ro t r " .oouto .w i thanother ins idemi r ro r ' lnF ig ' l ihedashed l ines ind ica te the

l"u-. of Light inside the main resonator (1) and the smail one (2) The rigidity 1{*.a

between the big inside mirror and the reference mass (created by the srnall resonator

and. che beams) convert rhis pa'rr oi masses inbo -a mechanicai cscilla;or rvhose eiSen

fr;";"y an may be of the 'ume otde' as the frequency of gravitational radiation'

iius i".i*i'"r the using QND speedmeier or similar scheme it is possible to use the

meter which monitors QND observable of the oscillator'

3 The methods of measurement

During the Last twenty yeats several schemes of the QND measurement of observables

of the oscillator were proposed (see [15])' One of the :19."t'-:f. 
thein and probably

il";;;;;;;"f"' ';;d*;" is the 't'obo"opic meter {lel rhis scheme "i:: 
111:

measurements of coord.inate repeated periodically with frequency 2r"'* ' 
" 

Two-time

uncertainiY relatioq if. th" "oo.diouie of the oscillaior has the following form:

Ae(r).Ar(i') ,- 
#lsinu-'-(t 

- t ')l ' (1e)

lf t - t' -- rnf to^ (n is any integer) then can be

Ar(t) :  Ac(t ')  -r 0. (20)

a stroboscoPic meter.
of the procedure of the sigral

Simple calculations (without rigorous
J  r I L r P r u  ! 4 r q r e u

flltering) show bhat in order ro obtain sensitivity {-L times hlgher than tne JLlr'� LL rb

necessary to have

I l ence thesens i t i v i t y i nsuchaprocedure i sno t l im i ted .by theSQL.
Now suppose tnat in aadliion io the resonators which creat'e Kpond we may add

an,rther Fabry-peroi resonator between the probe mass (in the case "t 
l* 

-ll:l-li-.

th. iot"rorl mirror) and the reference mass' If this resonator is pumped Perlodlcauy

by short (with d'uratioa t, ii-;;;, resonant puLses. divided bv iime inter"'a'l r/c'-

and the phase of the output io*l''*iil be registered then such a setup will work as

where F - is averaged over

notaiions being the same as

(21)

period power of the pumping, all olher
'(7). 

ii is important io noie that this

^ , . , 2  1 2

lV - ----:----:;-
we I  r i l r , /  \

the
in

mechanica,l
the formula



limitation iooks very modest in compa.rision with limits (5-8) for the schemes based

on free masses.
uniortunately in the case of large masses m = I}a gr the value of rr will be close

to periods of the internal mechanical modes of rn which have relatively high level of

dissipation and thermal noise. Estimates show that for large masses this facior limits

the sensitivity of stroboscopic method at the level of { - 0.3. But for fhe small masses

(of the order of 10gr) the stroboscopic procedure may allow to get ( subsiantionally

smaLler than 0.3.
It is possibie ihat the foilcir.iag prcce'Jure rvil1 allow io obtair a betier sensitivii'.'.

This procedure relies on another importari feature of the proposed artifical rigidity.

The value of Kpond is proportional to the pumping power ltrl. Thus by the modu-

laiion of the power with frequency 2u- one may realize the parametiical action on

the oscillator which will not periurb irrevelsibly the wave function of the relaiive

movement of ihe ihe lwo masses (due to the very small va.lue of -<6.]{.). It is welJ

known that parametrical action produces the affne transformation of plane of two

quad.raiure a.mpliiudes Xr and Xr. Thus if one applies the periodical parametrical

aciion with cerlain phase then one quadrature ampiitude is ampl.ificated with some

iactor 1i ( ancL correspondlngly another one is deanplificated with the factor ( It

is important that if the oscillator is a quantum one then the wave function may be

completely restored by shifting the phase of the parametrical modulation by r'

it. rig.z iilustrates ihis process. Let us assume that the oscillator was iniiially

in the cohereat quantum state with quadrature amplitudes equai to X1;^ and X2;",

see the position A iu Fig.2 (in Fig. 2 values Xr;", - 2'5 and Xz;* = | in the udts

of ihe width of the coherent state are used)' If the value ol Ke" a will be modulated

during certain time interval then one of the outcome of the parametrical action will

be thJ d.eamplification of the X1 and correspondingly the uncertainty AXr by sorne

factor (. One will obtain a squeezed quantum state (in Fig'2 the va'lue ( = 5 is used

and the described evolution corresponds to the braasition from state A to the state

tr \  Tc rhc nhasc nf  :he 'nor iular ion is changed by r  then dur i lg lhe same r ime interval
D ) '  \ \  \ ! e

the oscillator will return back from B to A. This procedure may be repeated manlr

times (as long as one neglecis 51r.a.).

No* st ppose lhat externai force F(t) has displaced the mean value of X1 by 15

If the oscillator was in coherent state during the action of force then this action wili

be detecred i f

(see formula (a)). But
B then after ihe action
of modulation of. Kp. a
Xr : Xt,", * (cp (state
action

rr 2 (ArsQr)o*irr"to.

" - 
f{nrror)*"r',"

if beiore the action of I(t) lhe oscillator was in the state

of F(t) ii will be in the staie C a^nd aJter the second cvcie

the oscillator wilL be in the coherent stabe but now with

D). So it is evident that lhis procedure permits to deiect the

(22 )

(23)



using a simple coordinate meter wiih the resolution at the Level of the SQL aod so
obiain the value of € = t lC.

The procedure qualitively described above has one disadvantage: if applied to
the gravitational wave antenna then the

ii is possible to erade this disadvantage

e _ Ll'/T.

4 Concl.usion

antenna will have "blind iniervals". But
at the expence of reducing'the sensitivity:

The aim of the authors of this article is to present the key features of a new concept

of quantum measurement based on low noise rigidiiy. That is why all cumberscme

calculations were omitted and the numerical examples were emphasized to illustrate

rhe concept. In the same iime we think that much more indepth rigorous calculations

must be done to clarify many techlical details before sta^rting the implementation. On

the other hand we also think that for the seatches of decoherence cf ordinar,v matter

produced by spacetime foam the rigidity created in a simple two mirrors resonator

and stroboscopic procedure of measurement is sufficient. For the graviiational wave

antenna (where the value of mirror mass musi much larger) the rigidity from the

:esonators wich the internal mirror is preferable.

It is also important ro note that, probably, betier low noise rigidity (with smaller

value of ,Ss.,{. and higher Ke""a) may be proposed. One of the possibiliiy is ihe

rigidiiy produced by electrostatic force between two metal plane graiings consisting

of regular rows of "bumps'' and "trenchesn. If the size of the "bumps'' and "trenches"

will be - 10-3crn and the eLecirical field strength =2 l03 esu then with the surfaces

= LA2 crn2 one may obtain Kp",,a - L)rodynlcm. Linfortunately ii is verlr difficult to

precaiculate the value of 5s,{. for this case because of unknown features of quantum

surface s.tates in few monolayers of oxides and water which may be a source of losses

[201. In this case only direct experiments may give a reliable answer.

This work is pa,rtly supported by rhe Russ. Fed. Basic Research Grant No 99-02-

13366-q and the NSF grant No PHY 98-00097.
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