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' Abstract

An experiment has been performed at the storage ring
VEPP-4 using the MD-1 detector. The resonance depolarization
method has been used for the absolute calibration of the be-

am energy that allowed to improve the accuracy of the maas
heasurement by a factor of ten. The following mass values of

Y, Y 'end '}"‘”meaona have been obtained:
M(Y') = 9460.6%0.4 Mev
M(Y')= 10023.8%0.5 Mev
M (Y'}= 10355.5%0.5 uev

*)  Submitted to the 1983 International Symposium on lepton
and photon interactions at high energy, Cornell, August 1983.



1. Method of resonance depolarization

This work continues the cycle of experiments on the preci-
se measurement of particle masses performed in our Institute at
electron-poeitron colliders by the resonance depolarization me-
thod /1-7/. This method has been developed in 1975 /1,2/ and was
used at VEPP-2M for measurements of the P -meson /3/, charged.
/4/ and neutral /5/ keon masses and later at VEPP=4 for measure=
ments of the ¥, ¥’/6/ and Y'-meson masses /7/.

The calibration method is based on the measurement of the
8pin preceesion frequency Je of beam electirohs around the gui-
ding magnetic field of the storage ring.

The precession frequency

!
0= wy (1 ¥ (% J:
where (), is the revolution frequency, { is a relativistic factor
of electrons, /</u, is the ratio of anomelous end normal parts
of the magnetic moment. The revolution frequency is set by the
external generator and is measured with a high accuracy - bet-
ter than 10~6, while the spin precession frequency is determi-
ned by the resonance depolarization of the polarized beam.

The beame depolarize when the frequency of the externsl
r.f. magnetic field coincides with that of the spin precession.
Pixing the fact of depolarization and measuring the correspon-
ding depolarizer frequency one can thereby perform the absolute
calibration of the storage ring energy.

This method allows to measure the average energy of elect-
rons with an accuracy much better than the energy spread of the
beam. The point is that synchrotron oscillations of particles
lead to the modulation of the precession frequency with a frequ-
ency of synchrotron oscillations Wy. Besides the main line the
spectrum of the apin motion contains a set of additional lines
at frequencies differing by * nw,(even ) from the main line.
The strength of the depolarizer field should be chosen small
enough to provide the depolarization time much longer than the
damping time of synchrotron oscillations.

The width of the mein line in the present experiment was
determined by the quadratic nonlinearity of the guiding magnetic
field of the storage ring and was a{l/ <€ 1077, i.e. by a
factor 50 legs than the beam energy epread. The contribution of
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the magnetic field pulsation to the line width did not exceed 1072

2o gggegimngtnl get-up

The experiment has been performed at the storage ring
VEPP-4 /8/ using the detector MD=1 /9/. The cross section of
the process

e¥e™ .+ hadrone

was meapured as 8 function of the beam energy in & region of
Y Y' and Y mesons.

The layout of the experiment is shown in Fig. 1. The mag-
netic field of the detector 1le transverse to the orbit plane of
the storage ring. The field strength was. 12 kGs at the beam
energy 5 GeV. Coordinate and shower-range chambers and scintil-
lation counters were used in this experiment. In the trigger
firing of at least 4 scintillation counters and 16 layers of
shower-range chambers was raquired.'kccnrding to0 the Monte Car-
lo simulation the efficiency of the trigger for this process
was about 95%. The trigger gounting rate was 0.2-0.4 Hz at cur-
rents 6 x 6 mAf Special on-line selection of multihadron
events was performed by & computer using more strict require-
ments on the event topology. The efficiency of this selection
was sbout 50% and a background level did not exceed 20% of
the effect value in the nonresonant region. To detect elastic
scattering and pair production special "collinear" trigger
waa arranged. The check-up of detector elements was performed
twice a day. Efficience of chambers and counters was control-
led by cosmic particles, trigger device was checked up

under the softest trigger condition (firing of any coordina-
te chamber) in presence of beams in the storage ring.

The luminosity was measured by the processes of single
bremsstrahlung and Bhabha scattering. The calculation of sing-
le bremsstrahlung cross gection was carried out by formulae
which took into account the effect of the cut-off of the large
impact parameters by transverse beam size /10/. Detection of
single bremsstrahlung photons was performed both in electron
and positron directions. The counting rate was 150 kHz at the
luminosity 1030 cm'25'1. the background level did not exceed

0.02%. The ratio of photon counting rates in positron and elec-
tron directions was constant during the experiment with the ac-
curacy ¥1%. The events of emell angle elastic socattering were -
detected by scintillation counters. The counting rate was

22 Hz at the energy 4.7 GeV and the luminosity 101020 un'25'1,
the accidental coincidence background level was 10%. The rela-
tive stability of two luminosity monitors during the experi-
ment was in the range 13%. The ratio of elastic scattering
events detected by a shower-range system ( 6 210°) and by coun=
ters at small angles was stable within the statistical acoura-

CY .

« Measurement of n esgion equenc

Polarization of beams in the storage ring was determined
by the "up-down" asymmetry in backward scattering of circular
polarized photons on linearly polarized electrons (positrons)
/11/. As a photon source the synchrotron radiation generated
in the detector magnetic field by the oppositely moving beem
was used. This method has been developed in our Institute and
was first used in the )" -meson mams measurement in 1982
/T+12/+ The degree of the circular polarization of eynchrotron
rediation depends on the angle between & photon direction and
en orbiv plane. For the polarization degree of scattering
photons to be close to 100% beam orbite were separated verti-
cally by 120 Mm in the interasction point. At the rms vertical
size of the beam of 30/(1111 this separation provides an optimal
statistical accuracy of effect in the presence of background
due to single bremsstrahlung and residual gas.

To detect scattered photons and to measure their energy
the Nal (T1l) counters of totdl absorption were employed. The
measurement of the "up-down" asymmetry was done by two ecin-
tillation counters (Pig. 1) having a gap of 1 mm in the hori-
zontal direction. The lead converter of 13 mm thickness in
front of scintillation counters also served as the protection
from the powerful synchrotron radiation. '

To exclude the influence of the instability of the orbit



position the special ionization chambers, detecting
synchrotron radiation were installed in front of lead conver=-
ter from both sides. The data on the current in the chambers
were used for orbit correction to atabilize the vertical beam
position and the angle in the vertical plane.

At the beam polarization degree 0.8 the measured agymmet-
ry is equal to 5% both in electron and positron directions.
The statistical accurscy with the current 5 x 5 mAZ 1g 0.4%
for measuring time of 100 sec.

The beam depolarization was performed by the high frequsan-

¢y radially directed magnetic field of 0.03 G created bet-
ween parallel planes 1.3 meter long. The depolarization was
performed by slow scamnning of the variable field frequency

(0.4 XxHz for 100 sec). Depolarization time was 50 sec.

Figure 2 presents data of one of the measurements of the
depolarization frequency. Two series of the experimental po-
ints correspond to the measurements by scattering of synchro-

tron radiation on the electron beam (upper series) and posit-
ron beam (lower series). Lower scale shows the depolarizer
frequencies. Data processing gave the following values of the
depolarization frequenciea and their errors (kHz)

19025.95 ¥ 0.05 - eynchrotron radiation at e beam,
19026.00 ¥ 0.05 - synchrotron radistion at e’ beam.

The joint treatment gives 19025.98 L 0.03 (the error, in the
depolarization frequency 0.10kHz corresponds to the energy er-
ror O.11 MeV in the mass scale).

The bandwidth of the depolerization line was determined
mainly by the RP-generator parameters and was equal to
0.30 kHz. To exclude systematic errors the bandwith was cont-
rolled in the measurement in which the depolarizer frequency
approaches the resonance one from below or above.

The calculated polarization time at the Y -meson ener=
Zy is 50 min. The influence of the depolarizing effects
depends on the magnetic structure of the ring, energy and
the current of the colliding beam.

IV. Experiment

The experiment has been carried out from the middle of.
December 1982 up to the end of May 1983, Pive scanning eeries
in the )"“- meson region, four in the Y region and one in
the. Y' -meson region have been done. At the beginning the sto-
rage ring had the following parameters: J,= 45 cm, B.=
= 340 cm, Losra= 10107% cm™? §~1 at currents 6 x 6 mA, In
January 1983 Bz in the interaction point was decreased to
19 cm that provided L“H- 3-1030 m.2!-1 at currents
9x9 mAZ, The electrons or positrons were stored in the booca-
ter VEIP-3 and then injected into the VEPP-4 ring at an energy
of 1.8 GeV. The number of positrons necessary for obtaining
beam current 5 mA in VEPP-4 was stored in VEPP-3 during 20 mi-
nutes. The electrons storage rate was 10 times higher. The 1ife
time of the beams in VEPP-4 was about 5 hours.

The messurement in the [’ s and [ - meson regions was
carried out in the following way. After beam energy increase
in VEPP-4 up to a necessary value the energy calibration was
Performed, then daia were taken during 3-4 hours. In the next
oycle the procedure was repeated but with the one difference -
- the sequence between the emergy calibration and data taking
was changed. The calibrationa in the neighbouring energy po-
inte were performed with opposite scanning direction of the
depolarizer.

To control the energy stability of the storage ring du-
ring data taking in some eycles the energy calibration was
Performed before and after data *aking with the same direction
of frequency scanning. The analysie of such calibration pairs
has shown that the systematic energy shift was - 0.03 % 0.03M¥
in the mass scale.

During the calibration, when beams were vertically sepa-
rated, the background data were recorded on a tape.

To exclude possible influence of the beam polarization on .

the detection efficiency for multihadron events, during data
taking the beams were kept unpolarized by a depolarizer.



The energy calibration was carried out usually .-at the
degree of beam polarization 0.2-0.5. The accuracy of energy
measurements depended on the degree of beam polarization and
was 0.05¢0.2 MeV (in a mass auilt). :

In the energy reglon of ]‘ the polnrinatiun dagru- af
the beams in the VEPP-4 is small due to coincidence of the
gpin precession frequency with that of betatron oscillations
/13/. This has excluded a possibility of the energy calibratl-

on in these very points in which data were taken. The cali-

Prations were carried out in the point being epart from reso-
nance by 60 MeV (in mass scale), the energy in the peint of .
the measurement was determined by extrapolation using the mag-
netic field value. The extrapolation curve has been obtiained
in special measurements by the energy calibration below and.
above of resonance, where the degree of the polarization was
eufficient for the snergy calibration. The calibration curve
was obtained several times during the experiment.

- During the whole experiment the alteration of the magne-
tic field of storage rivg was carried out by one standard cyc-
le. After injection the energy was increased up to the point

where the calibration was performed, then the energy was rai- '

sed up to. the point where data were taken. After that the
energy was raiged up to the fixed point much above the reso-
nance and then was lowered to the injection emergy. In scme
cycles two calibrations have been performed during the energy
raising in. the points placed below the resonance by 120 and
60 MeV. The estimations show that the error in the Y '-meson
mass oonnected with the u:trupulntinn procedure does not ex-
ceed 0.05 '.74

Using the above described way & half of the statistics
has been taken (1 and 2 scanning series). The remaining half
of the statisticos (3 and 4 series) has been taken under some-
what differing conditions of the storage ring operation. Just
after injection the energy was raised up to & maximum fixed
point and tham was lowered onto the point whers the data were
faken, after that the energy was lowered by 60 MeV and the
energy calibration was carried out. The calibration ocurve of

the energy dependence on thg~mngnutic'fiuld-mo:nur-d.1n this
regime of the storage ring operation did not eoincide with the
firset one. The mass error due to extrapolation in these series
does not exceed 0.2 MeV.

. The main results of the u:perinlnt are pr-nuntud in the

Table I, in which the data of the experiment performed in 1982
are shown as well /7/.

- Table 1
.!unhnr '!hn 1nta- Humber of
Par- Pime of the of the ted recorded events
Iia- data taking | en t;-inaai- -
@ calib-
rations | . —— back-

™! |4 packgrouna|sround

14 December B2-

ol e g & 370 | 1250 6.5-107 | 1.9-10%

) i _,ﬂg"ﬁg gg | 10 600 2.2.10° | 0.8.10°

88 .'553; 20 130 3.0010* | 0.6-10%

T L 100 70 | 1.8:10° 046210
Y. Date proceesing

On the basis of Monte Carlo simulation and backgroumd me-
esurementes the selection criteria for multihadron events have.
been chosen. The results of data Processing for each resonance
a8re presented in Pigs. 3,4,5, in which the detection eross
section is plotted Versus cC.m. energy.

-1t 1s known that a shape of the experimental resonance
curve is determined mainly by the beam energy spread, radiati-
¥e. corrections and nonresonant continuum. The detection cross
section was approximated by the following formulae:
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where €£,,and £, are detection efficiencies for continuum
and resonance, G,. and §, are the corresponding cross secti-
ons, G( w--w'} is the luminosity distribution over the energy.
The expreesion for 6,. taking into account the radiative cor-
rections with double logarithmic eccuracy is given in /14/.

G(w-w') is determined by the beam energy spread and is usu-
ally approximated by

2
i o __4_ - X _M 1
Glw-w) = s, P| 267 |

where W =2-F, s'weﬁgjﬁ'é iz the rms energy spread in one
beam. Following the integration procedure, propcsed in /15/ and
replacing the Breit-Wigner curve for the resonance by the del-
ta function keeping the area under the curve constant

e Mz rde'
s = fﬁ"a 2
| r 2 Mzrl\‘_(mz_‘_wz)

one obtains:

6Lis (W)= EnnCi. + E.-6 (W),

6. (w) = S,:[ G- (W-M) + J’-G(W—M).‘

ﬁ . d 2
| L) _[(1+8) 2
G- (= (2) r;}w exp(—;—%_—)-% &

N L 13 .
=5 (- 3)+3p =64 -1)

36 _
M 1is the resonance mass, [ (1+B) is the gamma function, D‘F

is the Weber function of parobolic cylinder. Four parameters
were fitted: resonance mass M, energy spread G, , detection
cross section for continumm &,.'6,,. and the product E;.‘S'.. .

To check whether or not some systematical errors are pre-
sent due to some detector instabilities or to variation of
conditions in the storage ring the experimental data were divi-

1w

-

ded into separate groups (different series, small specific
luminosity below the resonance maximum and the large one
above and vice versa, the beginning and the end of the series
etc.).

Their analysis did not reveel any evident syatematical er-
rors.

The obtained values of the energy spresd ©,, (Y') =
= 4.4 % 0.4 MoV, 6, (7)== 4.9% 0.5 MeV and G ( Y")=
= 5,4 L 0,6 MeV are in agreement with estimated numbers 4 MeV,
4.5 MeV, 4.8 MeV correspondingly.

Different effecte leading to systematical errore have
been analysed. The most essential are:

1« The luminosity distribution over the energy is not the
convolution of gaussian energy spread distributions in the
beama. The point is that there is some chromatism in a focu-
eing eystem and J; depends on the particle energy caused

the dependence of the beam transverse size on the particle
energies. The effect has been studied experimentally. The de-
pendence of Sz on the revolution frequency (i.e. on the par-
ticle energy) has been measured. The experimentel data agrees
with the calculations and gives the next form of the luminosi-
ty distribution:

ek w-w’ 4 1 (wew)?]
Slmeanio wivses ool

where @ = =20%10 for ﬁj,- 45 cm and A = =14%3 for ﬁ-} = 19 om.

Thie effect leads to the shift of the mass value by
-0.04X0.02 MeV. (there is an error in /7/: the correction
0.1 MeV was mada_inataad of -0.04 MeV).

2+ There are electrical fielde in the storage ring used
for separation of the beams in the teclnical straight section
and putting them together in the interaction point. Optimal
electric field can differ for different particle energies.
The r.asurements shown that this effect is negligible.

3. The collision effects can lead to dependence of the
transversal beam size on the particle energy.

11



 Properties are also quoted /16/.

4. The beam energy epread can be increased with appearan-

ce of the.phapge instabilities. Special attenticn was_paid to
the sbsence of such instebilities during the experiment.

5. The intersction point is situated asymmatrically re-
lative to r.f. cavities; the mass shift affect associated
with this circumstance is megligible.

6, Pitting the resonance curve we assumed that each point
has no error in the energy. We have performed. data fitting ma-
ny times distributing the energy points by the gsussian law
with their errors, each time determining the mass value. The
Procedure has shown that the energy calibratiom errors intro-

duces the error bf 0.02-0,05 eV in the mass value {dirrurﬁnt
aariun}.

" The total inucmurarthnmnum &ne to all ef-
fects pantioned.ghavnlia lnau_than 0,2 HeV b;_uur astinntiupa.

The obtained velue of the )" -meson mass, 9461,0%0.5 MeV
is in a statistical agreement with datse of the experiment /7/:
M{r)= 9459.650,6 MeV. The results of & Joint processing of
these expsriments as well as values of T.'.'_amd T “neson masaes
obtained in the present experiment are presented in Table 2.
Here the corresponding mass values from the Table of Partiecle

i

Table 2
S et LA ) " |RaRESt e
M(Y) - " a4s6t10 9460.6%0.4
M(r’) 10016£10 ' 10023,8%0.5
Mr*) | 10347¢10 - 100355-5*—0.5
M(r)- M(r) 559t3 563.2%0.7

M(r“)-m(r) 89154

g

In conclusion the authors sxpress their gratitude .to many
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of our Novosibirsk celleagues whose labor provided the possi-
bility. of performing the present experiment. Special thanks
are due to Yu.M.Shatunov for useful discussions.
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Fig. 1. Detector MD-1 (a - upper view, b - side view of devi-
¢e for the polarization measurements): 1 - central part of
MD-1, 2 - additional bending magnets, 3 - lenses, 4 - counters
for luminoeity monitoring by small angle elastic scattering,

5 - counters for luminogity monitoring by ete” —» -+!"6' and
for polarization measurement by SR, 6 - counters for measuring
the "up-down" asymmetry, 7 - lead plate of 13 mm thickness,

8 - doubled ionigzation chambers, 9 - lead shield.
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