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N3MepeHue aHAJIM3UPYIOIUX CIIOCOOHOCTEM
B HYKJIOH-SIJIEPHOM PacCessHUHU B JTUATIA30HE
uMnyabcoB ot 1,75 no 5,4 I'3B/cC

HykioHs! (IpOTOHBI M HEUTPOHBI), COCTABIISIOIINC
aTOMHOTO Si7Ipa, MOTYT OBITH MOJSPHU30BAHBL. DTO O3HA-
YaeT, YTO MX CITUHBI IPEATIOYTUTEIBHO BEICTPOCHBI BIOIb
ocu kBaHTOBaHUs. CIIMH — 3TO KBaHTOBOE CBOICTBO ua-
CTHIIBI, €T0 KJIACCHYECKHH aHajor — BOJTYOK. CHiIbHOE
B3aUMOJIEMCTBUE, KOTOPOE NEUCTBYET MEXKIy HYKJIOHA-
MU B aTOMHOM AAp€, YYBCTBUTCIBHO K MOJIApHU3ALIUU.
JUis JTydinero MOHMMaHUSL CHJIBHOTO B3aUMOAEHCTBUS U
CTPYKTYphl HYKJIOHA U AJi€p UHTEPECHO U3MEPUThH IMOJIs-
pH3alNI0 YacTHL, 00pa3yIoIUXCsS B SIIEPHON PEaKIHH.
[TpnbGopsl, n3MepsIoNIKe MOIAPU3AINI0, HA3BIBAIOTCS MO~
asipuMeTpami. [ pa3paboTKH, CO31aHMs, TECTHPOBAHUS
1 TIOATBEP)KICHUS PUHIHMIIA PAOOTHI aAPOHHBIX HOJISPHU-
METPOB TPeOYIOTCS MONSIPU30BAHHBIE MTYyIKH MPOTOHOB U
HEHTPOHOB ¢ M3BECTHOW momspu3anueil. CeromHs Takue
nydyku B I'9B-HOM nuana3oHe sHepruil JOCTYIHBI TOJb-
ko Ha Hykimorpone OUSUN (Jly6na). IIpoBeneno mepBoe

HU3MEpEHNe aHAIM3UPYIOMIeH CIOCOOHOCTH TOISIPU30BaH-
HBIX HEHTPOHOB Ha TOJICTON (TSHKETION) MUTIICHH.

VYmpyras peakmus eN —eN (N — seiiTtpon winu npo-
TOH) C TIPOJOTBHO-TIONSIPU30BAHHBIM ITyYKOM JICKTPOHOB
W MOCIIeIYIOIIee N3MEPEHUE MOJISIPU3alluK HYKJIOHA OT/Ia-
Y1 MO3BOJIAIOT IMOJYYHUTHh OTHOUICHHUE J3JICKTPUYCCKOI0 U
MarHUTHOTO (opmdakTopos uGEp/GMp 10 METOY, Ipe/-
noxenHomy A.U. Axueszepom u M.II. Pekano [1]. Taxas
HaOJroiaeMast ABOMHOMW IOJISIpU3alMU 3aBUCHT OT MHTEp-
(hepeHIIMOHHOTO WiIeHa i OYEeHb YyBCTBUTEIbHA K HEOOIb-
IIOMY 3JIEKTpHYecKoMy BKiaxy. Cepust SKCIIEpPUMEHTOB B
Jlaboparopun [xeddepcona (CILIA) BHecna 3HaUUTENB-
HBI BKJI]] B U3y4YCHHUE OTHOMICHUS (HOpMPaKTOpOB Mpo-
ToHa [2,3] (puc. 1).

[IpemmoxkeHHbrii MeTom TpeOyeT ABYX ITOCIIEIOBa-
TEJIbHBIX PEaKIUi: MePBUYHON pEeaKlUu C PerucTpammeit
YaCTUIIbl OTHAYX, IOJIApU3ANA KOTOpOﬁ JOJI’KHa OBITH
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Measurement of Analyzing Powers for

Nucleon-Nucleus Scattering in the Momentum
Range from 1.75 to 5.4 GeV/c

Nucleons (protons and neutrons), the components of
the atomic nucleus, can be polarized. This means that their
spins are preferentially aligned along a quantization axis.
The spin is a quantum property of a particle and has its
classical analogue in a spinning top. The strong interaction
that acts among nucleons in the atomic nucleus is sensitive
to polarization. For a better understanding of the strong
interaction and of the structure of the nucleon and nuclei,
it is interesting to measure the polarization of the particles
produced in a nuclear reaction. The instruments measur-
ing the polarization are called polarimeters. Conceiving,
building, testing and validating the working principle of
hadron polarimeters requires proton and neutron polarized
beams of known polarization. Today, such beams of ener-
gy in the GeV range are available only at the Nuclotron
complex of JINR (Dubna) in Russia. The first measure-
ment of analyzing powers for polarized neutrons on a thick
(heavy) target has been carried out.

EI

The elastic reaction eN—eN (N is a neutron or a pro-
ton) with a longitudinally polarized electron beam and
measuring the polarization of the recoil nucleon allow
one to access the electric to magnetic form factor ratio
pGEp /GMp, following a method suggested by A. 1. Akhiezer
and M. P.Rekalo [1]. Such a double polarization observ-
able depends on an interference term and is very sensitive
to a small electric contribution. A series of experiments
at the Jefferson Laboratory (USA) have made significant
contribution to studying the ratio of the form factors of the
proton [2, 3] (Fig. 1).

The proposed method requires two successive reac-
tions: 1) a primary reaction with the detection of the re-
coil particle, the polarization of which must be measured,
2) the second interaction with the polarimeter target to
measure its polarization. The second reaction should be
simple for identification and very sensitive to the particle
polarization. This is quantified by two observables: 1) the
cross section, which characterizes the probability that such
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H3MepeHa, U BTOPOro B3aUMOJACHCTBHUS ¢ MUILECHBIO MOJIS-
pUMeTpa Ui U3MEepeHHus ee moJisipu3annu. Bropas peak-
LSt TOJDKHA OBITH POCTOM JUIS WACHTH(HUKALUHN U OYE€Hb
YyBCTBHTEIBHON K IMOJAPHU3ALMHM YacTHL. DTO KOJIHYe-
CTBEHHO OLIEHMBACTCsl JIBYMs BeJIMYMHaMH: 1) moreped-
HBIM CEYEHHEM, KOTOPOE XapaKTEPH3yeT BEPOSTHOCTh TO-
TO, 9YTO TaKas PEaKIHs MPOMCXOIUT; 2) aHAIN3NUPYIOMIEH
CIOCOOHOCTBIO A, KOTOPAs KONMYECTBEHHO ONpE/CseT
YyBCTBUTEIBHOCTh PEAKIMU K MOJSIPH3ALUH TaJarolInX
YacTUL. XapaKTepUCTUKH IOJIIPUMETpa IIPEACTABICHBI
B Buje BenimunHbel FOM (Figure of Merit), FOM = sAf, ,
KoTopasi sBisercst (GyHKuued sddexkTuBHOCTH €, ompe-
JIeIIeMOl KaK OTHOLIEHHE YHCIA «IIOJE3HBIX» KO BCEM
PETrUCTPUPYEMBIM COOBITHSIM, U aHAIIM3UPYIOILEH CII0CO0-
HOCTHU Ay

AHammsupytomniast ciocoOHOCTh TMPOTOHOB OBLTA M3-
MepeHa Ha cuHxpodaszorpone OMAM ma mumenu CH,
JUIL MMITYJIbCOB IIydka B JuamasoHe 1,75-5,3 IaB/c.
Pe3ymnpTarsl Mo aHANM3UPYIOMIeH CIOCOOHOCTH KakK (QyHK-
LUK TIONEPEYHOro MUMITyNbca Py=P;,,Sin0 mokazansl Ha
puc. 2 [4]. Ilocne nonydeHus npeaBapUTEIbHBIX Pe3yib-
TaToB m3MepeHuil B J[yOHE TporpaMMHO-KOHCYIBTaTHB-
Hbelli komuTeT JlaGoparopuu JIxeddepcona omodpui
n3mepenne koswtaboparun GEp(3) (puc. 1) orHOmEHuUs
(popMpakTopos mpoToHoB 10 8,5 THB2.

a reaction occurs; 2) the analyzing power A, that quantifies
the sensitivity of the reaction to the polarization of the in-
coming particles. The performance of a polarimeter is giv-
en in terms of Figure of Merit, FOM = aA§ , which is the
function of the efficiency, €, defined as the ratio of “useful”
to incident events and of the analyzing power, A,

Proton analyzing powers have been measured at the
JINR synchrophasotron on a CH, target for beam mo-
menta in the range 1.75-5.3 GeV/c. The results on the
analyzing powers as a function of the transverse momen-
tum py=Pp,,,sin0 are shown in Fig. 2 for different proton
momenta [4]. After obtaining preliminary measurement
results in Dubna, Jefferson Laboratory PAC approved the
GEp(3) (Fig. 1) measurement of the ratio of proton form
factors up to 8.5 GeV2.

In order to compensate for the decrease of the ana-
lyzing powers when the energy of the particle increases
(Fig. 2), it is necessary to develop new-generation po-
larimeters and study their performances. Three major
findings were highlighted in our recent measurements at
Nuclotron, where the analyzing powers were determined
at proton (neutron) momentum from 3 to 4.2 GeV/c [5]:

1. A hadron calorimeter was added downstream.
The granularity was sufficient to measure the azimuthal

YT100BI KOMIICHCHPOBATh YMCHBIICHUE aHAIH3HPY-
OIEil CIIOCOOHOCTH TMPH YBEITMYCHHH SHEPIUH YaCTHIBI
(cM. puc. 2), HeoOXoaMMO pazpadoTaTk MOISIPUMETPBI HOBOTO

Puc. 1. OtHomenue popMQpakTopoB NPOTOHA KaK (PYHKINS KBA-
Jpara IIepelaHHOTO MMIIylbCca, H3MEpPEHHOe Koyabopauueit
JLab-GEp B cepum oskcuepumentoB [2]. IlpuBenensl 3Have-
HUA Oyaymux wn3mepeHuit B skcnepumente E12-07-109 [3]
(ypIypHbIe KBaJpaThl)

EI
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Fig. 1. Proton form factor ratio as a function of the momentum
transfer squared, measured by the JLab-GEp Collaboration in a
series of experiments [2]. The values of future measurements in
experiment E12-07-109 [3] are also shown (purple squares)

Puc. 2. 3aBuCHMOCTb aHAIM3HUPYIOMIEH CIIOCOOHOCTH OT TOTIe-
PEYHOr0 UMIYAbca Py=P;,,Sin0 Al pasiudHBIX HMITYJIbCOB
IIy4yKa [IPOTOHOB [4]
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Fig. 2. Dependence of the analyzing powers on the transverse
momentum P,=p,,,sin0 for different momenta of the proton
beam [4]

asymmetry of the detected particles to be compared with the
asymmetry reconstructed from the tracks (Fig. 3). Excellent
agreement between both asymmetry measurements makes
it possible to use the calorimeter for proton polarimetry
with and even without track detectors. The impact of the
selection on the energy deposit in the calorimeter is shown
in Fig. 4 for the neutron case. A twofold increase in Ay
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TIOKOJICHHS! M U3Yy4YNTh HX XapaKTepuCcTHKH. HenasHo npu u3-
MEpEeHHSX Ha HyKJIOTPOHE, KOIja aHAIU3UpYIoIas Crocoo-
HOCTB ObIJIa OTIpezieNieHa MPH UMITYJIbCE TPOTOHA (HEHTpOHA)
ot 3 1o 4,2 I'B/c, 6p110 0O6HApY)KEeHO ciemyromiee [5]:

Puc. 3. AsumyTanbHas 3aBUCUMOCTb A/ s p+CH,-paccesnus
npu umiynsce 3,0 I'9B/C, nomyuennas u3 cpaboraBmmx Moxy-
Jell aJipOHHOTO KaJOpUMeTpa (CHHUE KBaJpaThl) M 110 TpeKaMm
(KpacHBIE KPYIKKH)
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Fig. 3. Azimuthal dependence A, for p+CH,- scattering at a mo-
mentum of 3.0 GeV/c, obtained from triggered modules of the
hadron calorimeter (blue squares) and by tracks (red circles)

Puc. 4. Ananusupyromnye cocoOHOCTH Ul peakiuuH mepesa-
psnku N+Cu B 3aBUCUMOCTH OT I1OpOTa SHEPTUH, BBIICISIEMON
3apsDKEHHOM YacTHLEH B KaJOpUMeETpe, Kak MOKa3aHO BBEpPXY
crpaBa
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Fig. 4. Analyzing powers for the charge exchange n+Cu corre-
sponding to different cuts on the energy deposit by the charged
particle detected in the calorimeter, as shown on top right

is seen for the charge exchange reaction caused by the
neutron beam, and the FOM value changes from 8- 1075 to
1.1-10*at irradiation of a copper target 4 cm thick. For the
reaction caused by a proton beam, Py increases by a factor
of 1.3. Selecting tracks with high-energy deposit removes
the events with multiple tracks that dilute the information
on the polarization.
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1. B ycraHoBKy OBUT M00aBieH aIpOHHBINA KalOpH-
MeTp. [paHysipHOCTH MOIyJIEH ObLUIO TOCTATOYHO, YTOOBI
M3MEPUTH a3UMYTAIBHYI0 aCHMMETPUIO PETHCTPHPYEMBIX
YacTHIl U CPABHUTH C ACUMMETPHUEI, BOCCTAHOBIEHHOHN C
MTOMOIIIBIO TPEKOB (puc. 3). Xopoliee coriacue MexIy JaH-
HBIMH 000MX M3MEPEHUI aCHMMETPUH ITO3BOJISIET HCIIOJIb-
30BaTh KJIOPUMETP UISl MTOJSIPUMETPHUN TIPOTOHOB C Tpe-
KOBBIMH JICTEKTOpPaMH U Jaxe 0e3 HuX. Biusnue nopora
SHEProBBIICIICHNS B KAJIOPUMETPE Ha BEJIMUUHY H3MEPEH-
HOU aHAMM3WUPYIOIIEH CrOCOOHOCTH IOKa3aHO Ha puc. 4
JUT HEUTPOHHOTO ciaydast. BunHo yBenmueHue A, B 2 pa3za
JJIA pe€aKlru nepe3apsa ik, BbI3BAHHOU HEUTPOHHBIM ITy4-
KoM, a BenuuuHa FOM menstetcsa ¢ 8- 1072 1o 1,1 - 104 mpu
00ITydeHNH MEAHOW MUIICHH TOMmuHON 4 cM. [lis peak-
LMY, BBI3BAHHOH IIyYKOM IIPOTOHOB, BEJIMYUHA :%, pacret
B 1,3 paza. OTOOp TPEKOB C BHICOKMM YHEPrOBBIICICHHEM
yAaIseT COOBITHSI C HECKOJIBKIMH TPEKaMH, MOTOMY HH-
(hopmarusi o noNspU3aIU MEHEe BIPa3UTEIbHA.

2. C pocTOoM MMITyJIbca peaknus mepe3apsiiku CTaHo-
BUTCS HAMHOTO 3((QEKTHBHEE 10 CPABHEHUIO C YIPYTHUM
(WM HEYNPYTUM) PACCEIHHEM U C OYEBUIHBIM IPEUMYIIIE-
CTBOM B HEHTPOHHOM Clly4ae, KOT/ia OjiHa 3apshDKeHHas da-
cTrna (MpOTOH) PErNCTPUPYETCS B HAIIPABIICHUH BIICpPE]T.

3. Tspxemnple MUIIICHH, IO KpaWHEeH mepe, Tak ke 3¢]-
(heKTHBHBI, KaK M JICTKHE MHIICHHU, OOTaThie BOIOPOIOM,

2. With an increase in the momentum, the charge
exchange reaction becomes much more efficient in
comparison with elastic (or inelastic) scattering and with an
obvious advantage in the neutron case, when one charged
particle (proton) is detected in the forward direction.

3. Heavy targets are at least as efficient as hydrogen-
rich light targets, which greatly simplifies the conception
of a polarimeter; this is understood as if the reaction
carrying the information on the particle polarization is the
“quasi free” NN scattering.

The ALPOM-2 results show that it is still possible to
conceive high-energy polarimeters, and therefore to pur-
sue high-energy polarization measurements. In particular,
the future Jefferson Lab measurements of form factors for
protons [3] and for neutrons [6] at large momentum trans-
fer have already integrated the implementation of hadron
calorimetry, the use of heavy secondary targets and the
detection of the charge-exchange reaction. The ALPOM-2
Collaboration will pursue the polarimetry studies to the
largest beam momenta that will be available in Dubna.
About twenty physicists from JINR, France, Russia,
Slovakia, USA, and the United Kingdom take part in the
measurements.
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YTO 3HAYUTEIBHO YNPOIIAET KOHIEHINIO T0-
JSIPEMETpPa; 3TO TOHMMACTCsl KaK PeakIus,
Hecymias MHQOPMAIMIO O MOJSpU3alUK Ya-
CTHIIBI, — «KBa3UCBOOOHOC» paccesiHie NN.

Pesynsratet  ALPOM-2  moKa3bIBaioT,
YTO BCE €IIe BO3MOXKHO M300PECTH TOJISpH-
METpPbl BBICOKUX JHEPruil, a ciegoBaTelb-
HO, TPOBOJUTH H3MEPEHHUs MOJSIPU3AIIU
BBICOKUX JHEpruil. B wactHoCTH, Oymymiue
mMepeHus  popM(pakTopoB IS TPOTO-
HOB [3] u HeliTpoHOB [6] B JlaGoparopuu
Jbkeddepcona mnpu Oonpiiol mepenave
HMIyJIbCa YK€ BKJIIOYAIOT TNPHUMEHEHHE
a/[pOHHON KaJIOPUMETPHH, MHCIOJIb30BAHHE
TSDKEJIBIX BTOPUYHBIX MUIICHEH W perncTpa-
LU0 peakiuu nepesapsiaku. Komraboparms
ALPOM-2 Oyner HUpOBOAMTH MOJISIpUME-
TPUUECKHE HCCIEOBAaHUS ITyYyKOB C Hau-
OONBIIMMU  UMITYJIBCAMH, KOTOpBIE OyayT
noctynael B JlyOne. W3mepeHus mpoBo-
AT OoKoyo mBaanaru ¢usukoB u3z OVSU,
Poccun, Cnoakuu, CIIA, @®panuuun u
BenuxoOpuranum.
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