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Abstract. In order to measure the mass of theeson with high accuracy using tde — 3Hen reaction, the
momentum of the circulating deuteron beam in the Cooler Synchrotron COSY of the Forschungszentrum Julich
has to be determined with unprecedented precision. This has been achieved by studying the spin dynamics of the
polarized deuteron beam. By depolarizing the beam through the use of an artificially induced spin resonance, it
was possible to evaluate its momentrwith a precision of4p/p < 10 for a momentum of roughly 3 Ge¥.

1 Introduction with an accuracy offp/p < 1074. This requires the thir-
teen beam momenta in the range of 3:&P00 MeV/c to

For numerous experiments, knowing the beam momentumP€ measured to better than 300 keV
in an accelerator with highest accuracy is essential. Ob- ~ Generally at synchrotron facilities like COSY, the ve-
vious examples are investigations of production reactionslocity of the beam particles, and hence the beam momen-
very close to the thresholds as well as particle mass deterium, is determined from the revolution frequency com-
minations on the basis of reaction kinematics. We presentbined with the absolute orbit length. The precision of this
a technique that allows one to determine the momentummethod is limited tofp/p ~ 10-% and therefore the beam
of a deuteron beam that is suitable for its use in a precisemomentum must be determined in some other way.
measurement of themeson mass. A method proposed for electron colliders more than
Measurements of the mass of thaseson performed at  thirty years ago to overcome this problem [6] has been very
different experimental facilities over the last decade havesuccessfully applied at the VEPP accelerator of the BINP
resulted in very precise results whichifidr by up to 0.5  at Novosibirsk to measure the masses of a wide variety of
MeV/c?, i.e., by more than eight standard deviations. The mesons from the to the?’ [7]. The precise beam momen-
experiments that are no longer considered in the PDG ta-tum determination was achieved by using an artificial spin
bles [1] generally involve the identification of theas a resonance, induced by a horizonfamagnetic field from a
missing-mass peak produced in a hadronic reaction. In or-solenoid to depolarize a vector polarized accelerator beam.
der to see whether this is an intrinsic problem, and to clar- The beam depolarizes when the frequency of the externally
ify the situation more generally, a refined measurement of applied field coincides with that of the spin precession in
thedp — 3Hen reaction was proposed [2] at the Cooler the ring. The position of the depolarizing resonance de-
Synchrotron COSY of the Forschungszentrum Jillich [3]. pends purely upon the revolution frequency and the kine-
After producing the; mesons through thep — 3Hen matical factory of the beam particles. The measurement
reaction using a hydrogen cluster-jet target [4], it of the revolution and depolarizing frequencies together al-
were be detected with the ANKE magnetic spectrometer [5]lows the evaluation oy and hence the beam momentum
that is located at an internal target position of the stor- P.
age ring. The; mass can be extracted from pure kinemat- There is no in-principle reason why the induced de-
ics through the determination of the production threshold. polarization approach should not be equally applicable to
This requires one both to identify the threshold and to mea- other beam particles with an intrinsic spin, such as pro-
sure accurately the associated beam momentum. tons or deuterons. In fact, thdéfects have recently been
For the new; mass proposal [2], the decision was taken confirmed at COSY in studies of the spin manipulation of
to measure at thirteen fixed energies. To determine the masboth polarized proton [8] and deuteron beams [9]. This is
using this kinematic method with a precision that is com- the methodology that we are pursuing at COSY for the
petitive with other recent measurements, i#m, < 50 measurement of the mass. For the first time in 2007 it
keV/c? [1], the associated beam momenta have to be fixedwas possible in a test measurement to reach an accuracy in
the beam momentum calibration#p/p < 10 using the
3 e-mail:paul . goslawski@uni-muenster.de technigue with a coasting beam but no internal target [10].
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Herewe describe how the method can be used in a stan-3 Revolution and spin-resonance
dard beam time under normal experimental conditions in frequency
the presence of a thick internal target.

3.1 Experimental conditions

2 Spin | h d artificiall For a high precision experiment it is crucial that the beam
2 Spin In synchrotron and artificially momentum remains stable throughout the whole of the ac-
induced depolarizing resonance celerator cycle. In a typical cycle of an ordinary scatter-
ing experiment at ANKE, the beam is first injected into
In contrast to the case of a spin-half fermion such as anCOSY and accelerated to the nominal momentum. The

electron or proton, the deuteron is a spin-one boson that. Cavity is then switchedfbto provide a coasting beam
can be placed in three magnetic sub-states —1, 0, +1, that fills t_he ring uniformly. This t_hen gives constant count
and the resulting polarization phenomenology is more com-ratsetzr\;]\/h'lgg redléﬁs g;i;uesaedg;r?ﬁeogrtg? dargszggu(;?'tt'ﬁg
plex. Eight independent parameters are necessary to Cha%%ar ed(begr%. art’icles due to eIectromagynetic rocesses
acterize a spin-one beam, three for the vector polarization 9 P 9 P

and five for the tensor. However, only the vector polariza- as the beam passes repeatedly through the target, the mo-

tion is used in the present experiment for the spin reso-Mentum changes and this leads to a shift in the revolu-

nance method since it can be measured with higher preci-tlon frequency [12]. For a deuteron beam and a hydrogen

= ; ; _ 5 ~r-2
sion than the tensor with the beam polarimeter. The motioncms’ter.let target with a density pf= 1x 10°> cm™?, the
of the spin vectoS, defined in the rest frame of the parti- revolution frequency would change by up to 103 Hz overa

cle, in a circular accelerator, synchrotron or storage ring, is 180 s long cycle, corresponding to a shiftin beam momen-

given by the Thomas-BMT equation [11]. In a synchrotron tum of 2.2 MeVZ.

without horizontal magnetic fields and where the electric starﬂobz(;nn:prigﬁéiggrrntgllseﬁf\teavr\;gcrl(()a %‘;?;igﬁg accglrg a
field is always parallel to the particle motion, the spin mo- g cycle,

tion is only a function of the transverse magnetic fiddds second cavity, the barrier bucket fitavity, was switched

of the accelerator. The deuteron spin precesses around thgnb?;?; tvr\]/ietr:] ;azgzggﬁtsr\;vgﬂ:ri?}nucs)%? ttﬂ??vﬁ%\llg{: cle
stable spin direction, which is given by the vertical fields of y

the guiding dipole magnets of the synchrotron. The num- was produced that filled roughly 80 — 90% of the ring ho-
ber of spin precessions during a single circuit of the ma- mogeneously and thus achieved the necessary reduction in

chine, the spin tune, is proportional to the particle en- the'lqﬁgotlr:li?t]eee%f ::rlloesglAQs. aced energies studied near the
ergy. In the coordinate basis of the moving particle, the threshold were divid){ed |[i)nto two so(%called supercycles
spin tune is given by n percycles,

each consisting of eight fllerent beam energy settings.
Each supercycle was used for five days of continuous Schot-
tky data taking to study the long term stability of COSY

. ) ) and to take data in parallel for themeson mass deter-
whereas, taking into account the extra spin precession durination. The reason for choosing supercycles instead of

vs =Gy, (1)

ing a single circuit of the machine, this becomes = independent measurements at fixed energy was to guaran-
1+ Gyinthe laboratory frame. Het® = (g — 2)/2isthe  {g¢ the same experimental conditions for each of the beam
gyromagnetic anomaly of the particle, wheris the gyro-  gpergies. In this way the systematic uncertainties could be
magnetic factor. For deuterons the gyromagnetic anomalyjnyestigated in more detail, as will be discussed in Sec. 3.2
is Gg = —0.1429872725 0.0000000073. and 3.3,

The beam polarization can be perturbed by a horizon-  Before starting each of the five day blocks, the individ-
tal magnetic field in the synchrotron and, if the frequency yal beam energies were measured using 36 s accelerator
of the perturbation coincides with the spin precession fre- cycle lengths. After the injection of the beam into COSY,
quency, the beam depolarizes. A horizonfafield from  the stored deuterons were accelerated to the first nominal
a solenoid or even a deOIe can leadrfeinduced depo- beam energy of the Supercyc|e using the regu|a|’ CoOISY
larizing resonances. The spin resonance frequency is givertavity. Att = 3.7 s this cavity was switchedffoand at
by [6] t = 4 s thebb cavity was put into operation to compen-

fr=(k+yGQ)fy, ) sate for the beam energy lossestAt 20 s the depolariz-

ing rf solenoid was switched on for five seconds and this

where fq is the revolution frequency of the beamG is was followed by a beam polarization measurement for five
the spin tune, andt is an integer. If thef frequency of seconds using the EDDA detector. At 36 s the cycle
the perturbation is close th then the polarization of the  was ended. This procedure was repeated at the same beam
beam is maximally influenced. In our experiment we only energy but with dferentrf solenoid frequencies in order
considered the first spin resonance, ikes 1, due to the  to obtain the spin-resonance spectrum. After completion of
frequency range of thd solenoid. The kinematig-factor this first sub-measurement, the next beam energy of the su-
and thus the beam momentum can be determined on theercycle was chosen and the corresponding spin resonance
basis of Eq. 2 purely by measuring both the revolution and spectrum measured until complete data had been taken at
spin-resonance frequencies. all the energies of the supercycle.
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After measuring the spin resonance spectrum, the suthe revolution frequencies for these data were calculated
percycle was switched on for five days of continuous data for every four hours to study the daily variation of the cir-
taking to investigate the long term stability of the COSY culation frequency. The fferences between the revolution
accelerator. For this study the polarization measurementdrequencies of every four hours and the mean frequency of
were omitted and total cycle lengths of 206 s were used.the day are presented in the upper part of Fig. 1. To study
After injection, acceleration with normal cavity= 1 and the variation of the revolution frequency over the five days
starting thebb cavity, Schottky measurements were per- of data taking, the same procedure was carried out for the
formed over the time interval df= 14 - 196 s. The eight  Schottky data measured over this period. Théedences
beam energies in one supercycle resulted in a total time ofbetween the mean revolution frequencies of every day and
1648 s, after which the supercycle was repeated. After thethe mean frequency of the whole five days of data taking
five days of data taking, the individual beam energies wereare presented in the bottom part of Fig. 1. The horizontal
remeasured again in order to control systemdtieots. bars represent the time intervals for which the revolution

Both in the beam energy determination, as well as later frequency was evaluated.
in the Schottky data-taking time, one had to be assured
that the measurements within the cycles were started suf-
ficiently long after the ramping of the COSY dipole mag- ~
nets for the acceleration of the beam. Otherwise, the not- &
yet-stable magnetic fields would lead to deviations in the «
values determined for the beam momentum. Detailed mea-
surements of the beam energy by the spin-resonance methi -
as a function of the time in the cycle showed that the ex- 0
perimental situation is already stable ten seconds after the
start of the cycle [13]. Therefore, thié solenoid field and
the Schottky data-taking were started 20 and 14 s after  -0.5
injection, respectively. As a further check, measurements
showed that the same beam energy was observed close t
the end of the cycle as at the beginning [13] (see Fig 2). -1
Thus it is valid to investigate the beam energy at one fixed
time during the cycle and to take the resulting value as rep-
resentative for the whole cycle.
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3.2 Determination of the revolution frequency fo via T o5k ‘ —

the Schottky noise measurements 3 L — . ]

The revolution frequencyy was measured by using the 0 ‘+— I T
Schottky noise of the deuteron beam. For this measuremen C

of the Schottky noise, the beam pick up and the spectrum
analyzer of the stochastic cooling system of COSY were
used. During the whole beam time the Schottky spectra
were recorded every 30 s so that altogether nearly 1500C 1 | ! ! !
distributions were collected and sorted by energy, i.e., by 0 1 2 3 4 5

flat top. The position of the Schottky distribution of the time [day]
circulation frequency is stable for the whole cycle time o .

and the full width at half maximum is in the region of Fig. 1 Stability of the revolution .frequencyo. .In panel (a)

40 - 50 Hz for all energies. From all the Schottky spec- the diferences between the revolution frequencies for every four

tra at one fixed energy of the five days of data taking that hours and the mean revolution frequency of the day are shpwn. In
were measured under the same conditions an average reVd)_anel (b) the dferences betwee_n the revolution frequ_enues for
lution frequency was estimated. The statistical uncertainty each day and the mean revolution frequency of the five days of
. o Schottky data taking are shown. From these figures itis clear that
is below 0.2 Hz for all energies and depends on bo_th _thethe revolution frequency at COSY is very stable, with variations
r)umber_ of measured Schottky spectra and on the distribu-yo o 1 Hz at a circulation frequency & ~ 1.4 MHz.
tion variations.

Thebb cavity compensates beam target energy loss ef-
fects and should ensure that the revolution frequency re-  The analysis shows that the revolution frequency at
mains constant. The large number of Schottky measure-COSY over one day and also over five days is very stable.
ments allowed us to study the long term stability and to The variations of the revolution frequency are very small,
identify the magnitude of the variations of the revolution being on the order of 1 Hz at a circulation frequency of
frequency at COSY. Therefore all the Schottky spectra at fo * 1.4 MHz. In sum, it was possible to determine the
one energy from one day were analyzed and the mean revrevolution frequencies for all energies with a statistical un-
olution frequency of that day was calculated. In addition certainty below 1 Hz. Nevertheless a much larger system-
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atic uncertainty of4f, = 6 Hz dominated the precision, e

]
and this arose from the preparation of the Schottky spec-§ °2 B
trum analyzer used. S W= zfifﬁ%% =
8 02P =
S E 7
3.3 Determination of the spin resonance frequency o 04 =
fr via an induced spin resonance = 06 =
) _ ) £ o8 0.4 —
For all thirteen energies the spin resonance spectrum was L8 E
measured twice, once before and once after the five days o E O'i ]
Schottky data taking, as described in Sec.3.1. The relative -1.2 > =
polarization of the beam was measured with the EDDA ;4 14 4
detector [14]. For our purposes absolute calibrations of this 46k 1904002 0 002 0.04 E
device at the dferent energies was not required; a quantity e S S A SO S S
proportional to the polarization is ficient. 02 E
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0.3 b 1‘0‘11‘6 — 1‘0‘11‘7 — 1‘0‘11‘8 — 1‘0‘11‘9 — ‘10‘12‘ s Fig. 3. Panel (a): The spin resonance spectra normalized by a

gauwssian. Panel (b): The same but with a binned abscissa in ad-
dition. The spin resonance shape is symmetric about zero and
Fig. 2. Spin resonance measurements at one energy (closed cirsmooth except in the center, where a double peak structure is
cles). The open symbols represent results obtained for an ex-Seen. This arises from the synchrotron oscillations of the beam

tended cycle time, where the perturbing solenoid was switched particles caused by the interaction of the deuteron beam with the
on after 178 s. bb cavity. The inserts show the resonance valley in greater detail.

solenoid frequency [MHZz]

An example of a spin resonance spectrum at one en-mean value, i.e., the spin resonance frequency, is not in-
ergy is shown in Fig. 2. Far away from the spin resonance, fluenced by this structure. This was checked by making
at 1.0116 MHz and 1.0120 MHz, a high beam polarization a fit where the data points at the center were neglected.
was measured. In contrast, if the frequency of the solenoidThe spin resonance frequenciesor all energies were ex-
coincided with the spin precession, the beam was maxi-tracted from the spin resonance spectra by a gaussian fit
mally depolarized. The full width at half maximum was which gavey?/ndf in the region of 2—3. The statistical un-
in the region of 80-100 Hz for all energies. Unlike the ear- certainties of the spin resonance frequencies are on the or-
lier spin resonance test measurement with a coasting beanger of 1-2 Hz aff, ~ 1.01 MHz.

i.e., no cavities and no internal target [10], the spin reso- It is important for the interpretation of the spin reso-
nance spectra are not smooth. The structures, especially thaance measurements to know to what extent the positions
double peak in the center, are caused by the interaction ofof the observed spin resonance frequencies are stable over
the deuteron beam with thab cavity. the finite accelerator cycle in the presence of a thick inter-

However, to study in more detail the shape of the spin nal target. Therefore, in a special measurement the switch-
resonance spectra, all 26 spectra were fitted with gaussiansn of therf solenoid was delayed from 20 s to 178 s in
and then shifted along the abscissa so that the mean valuerder to investigate the position of the spin resonance fre-
was zero. They were then scaled to produce a uniformquency close to the end of a long cycle. The observed
height. The resulting normalized spin resonance spectrumdata (open symbols of Fig. 2) showed a resonance posi-
is shown in the upper part of Fig 3. This is symmetric tion which agreed with the data taken at the beginning of
around zero and smooth, except for the structure at the centhe cycle to within 2 Hz.
ter. This region is shown in greater detail in the lower part In Fig. 4 the shifts between the first and second spin
of Fig. 3. A structure with a symmetric double peak and resonance measurements are shown as red triangles for all
an oscillation was observed in the center of the spin res-thirteen energies. The frequencies in the first supercycle
onance. However, it is important to note that the gaussiandecrease by between 4 and 10 Hz for all energies, whereas
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O ool g nance frequencies. The accuracies to which both of the fre-
012345678 910111213 guencies are determined are dominated by systematic ef-
energy settings fects. The revolution frequency measured by the Schottky

spectrum analyzer has an uncertaintyl & = 6 Hz, corre-

Fig. 4. (Color online) The spin resonance frequencies were mea_sponding to one in the beam momentum of 50 keThe

sured twice, once before and once after the five days of data in the det inati fth . . f
taking. The red triangles present the shift of the spin resonance€/"Or 1N the determination or the spin resonance arises from

frequency f; from the first to the second measurement. These the small variations of the _Orb't_ length and; = 15 Hz
shifts correspond to changes in the orbit length, which are shown COTTesponds to an uncertainty in the beam momentum of
as blue circles. For the first supercycle, the spin resonance fre-164 keVL. Because these systematic uncertainties are in-
guencies decrease between the two measurements iy 4z, dependent, they are added quadratically to give a total un-
which corresponds to a increase in the orbit length in the range Certainty4p/p < 6x10°2, i.e., a precision of 170 ke¢for
of 0.7 — 1.6 mm. For the second supercycle an increase of the beam momenta in the range of 3108200 MeVt. This is
spin resonance in the range of 2217 Hz was observed, i.e., a over an order of magnitude better than ever reached before
decrease in the orbit length in the range @f22.8 mm. for a standard experimentin the COSY ring. The measure-
ment of the beam momentumfiiired by up to 5 MeW
) _ from the nominal requested momentum.

for the second supercycle they increase in the range of  Two further quantities, the beam momentum smearing
12- 17 Hz. .Thelse S.ySt.ematiC ShlftS of the fr.equenCieS in 5p/p and the Smearing of the orbit |engib/s’ can be ex-
the same direction indicate slight changes in the COSY tracted from the spin resonance spectra. The width of the
settings. Because the revolution frequency is stable, as despin resonance spectra depends only on the strength of the
scribed in Sec. 3.2, the Change is attributed to a shift in theresonance and the momentum Smearing_ In our case a res-
orbit lengths. o onance strength af = 3.2 x 10° leads to a spin resonance

_The velocityv of the particle is the product of the revo-  with a FWHM width of 9.1 Hz. This is much smaller than
lution frequency and the orbit length= s fo. Using EQ. 2, the observed width of 80-100 Hz, which is therefore dom-
the orbit length can be calculated from the revolution and jnated by the momentum spread of the beam. Assuming

the spin resonance frequencies: a gaussian distribution in the revolution frequency with a
. FWHM = 40 - 50 Hz, and neglecting all other contribu-
1 Gy \|? tions, the width of the spin resonance distribution requires
s=¢ T2 ( f— fo) , ®3) a momentum spread ¢6p/p),ms ~ 2 x 1074 This up-

per limit on the beam momentum width corresponds to a

which allows the orbit lengths to be extracted with a preci- Smearing of the orbit length ¢8s/s),ms ~ 4 x 10°°.

sion better than @ mm for every flat top. Since the nom- The momentum spread could be checked from the fre-

inal COSY circumference is 188m, this gives a relative ~ gquency slip factor, which was measured at each energy.

accuracy offs/s < 2x1075. The precision is dominated by Using 6p/p = 1/ x (6fo/fo) this leads for example at

the uncertainty of the spin resonance frequency. The shiftPromina = 3.1625 GeVc to (5p/p)rms = 1.4 x 1074, which

in the Spin resonance frequency Corresponds to a Chang& CQHSIstent with the value obtained from the resonance

in the orbit length of up to 3 mm, which is presented for distribution.

all energies in Fig. 4 as blue circles. The shifts of the spin

resonance frequencies of the first supercycle suggest an in-

crease in the orbit length intherange o7 8 1.6 mmand 5 Conclusions and outlook

to a decrease in the range 002 2.8 mm for the second

supercycle. We have shown how to determine the momentum of a deut-
To determine the precise beam momenta, the mean valueron beam in a circular accelerator with high precision us-

of the two spin resonance measurements for every energyng the spin resonance technique developed at the VEPP

was calculated. These mean valueediby up to 10 Hz  accelerator for electron beams. We have studied the depo-

from the single spin resonance measurements. Neverthelarization of a polarized deuteron beam at COSY through

less, in view of the observed shift of the spin resonance an induced spin resonance for thirteeffetient beam en-

frequency, a very conservative systematic uncertainty of ergies. This was done under standard experimental con-

Af, = 15 Hz was assumed. ditions, i.e., with cavities, in particular thab cavity, and
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a thick internal cluster-jet target. The momenta and other 12. H.J. Steinet al., Phys. Rev. ST Accel. BeamHl,
beam properties were found by measuring the position of (2008) 052801.
the spin resonance and revolution frequencies. 13. P. Goslawski, diploma thesis, Westfalische-Wilhelms-
It was possible to determine the beam momenta with Universitat Minster, Germany (2009).
an accuracy offp/p < 6x 107°, i.e., the thirtreen momenta 14. V. Schwarz, PhD thesis, Rheinische-Friedrich-
in the range 3106 3200 MeVt were measured with pre- Wilhelms-Universitat Bonn, Germany (1999).
cisions of~ 170 keVg, a feat never before achieved at
COSY. The actual precision was limited by the systematic
variations of the orbit length and the characteristics of the
Schottky spectrum analyzer.
The orbit length could be extracted from the revolu-
tion and spin resonance frequencies with an accuracy of
A4s/s < 2x 1078, Thus for COSY, with a circumference of
183.4 m, the orbit length could be measured with a preci-
sion below 0.3 mm. This may allow one to obtain a better
knowledge of the orbit behavior in COSY. In addition, the
distributions in the beam momentum and orbit length could
be extracted from the data. The results are also sensitive
to the synchrotron oscillations which lead to synchrotron
side-band resonances and so these can also be studied with
the spin resonance method. These results were achieved
using a deuteron beam, but there are no in-principle rea-
sons why the depolarization technique should not be appli-
cable to proton beams at COSY with same success.
In summary, the spin resonance method is a powerful
beam diagnostic tool for circular accelerators, synchrotrons
or storage rings to investigate and determine beam proper-
ties. In our particular case it should eventually allow the
mass of the; meson to be measured with a precision of
Am, < 50 keVE2,
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