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Isochronous mass spectrometry based on heavy-ion storage rings is a powerful tool for direct mass
measurements of very short-lived nuclei. Owing to the nature of in-flight separation of high-energy reaction
products, many ion species with different mass-to-charge ratios (m/q) can be transmitted to and stored in
the ring in one shot. However, high mass resolving power can be achieved only for a limited range of ion
species with velocities well matching the isochronous condition of the ring. The knowledge of velocities of
each stored ions is required to overcome this restriction. For this purpose, two time-of-flight (TOF)
detectors were installed 18 m apart in one straight section of the cooler-storage ring CSRe in Lanzhou. The
time sequences measured by the two TOF detectors for each stored ion were used for the precision
determination of its velocity. A relative precision of the velocity is achieved to the level of 107> for
individual ions. The betatron oscillations of the ion motion in the ring were clearly identified in the data and
were taken into account in the analysis. The presented technique can be used for measurements of machine

tunes and their dependence on particle momenta.
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I. INTRODUCTION

Isochronous mass spectrometry (IMS) at high-energy
storage ring facilities is a powerful tool for measuring
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masses of short-lived nuclei produced via projectile frag-
mentation or induced fission reactions [1-3]. Since the
pioneering work at the experimental storage ring (ESR) at
GSI in Darmstadt [4,5], IMS has been established at the
cooler storage ring (CSRe) at the Institute of Modern
Physics (IMP) in Lanzhou [6,7], and is under development
at the Rare RI Ring (R3) at RIKEN in Saitama [8,9].

By using IMS at the CSRe, masses of more than 30
short-lived nuclei have been measured in the past few years
[10-19]. In these experiments, nuclei of interest were
stored in the CSRe and their revolution times were
measured by using a single time-of-flight (TOF) detector
[20,21]. A part of the TOF detector is a thin foil installed in
the ring aperture. Ions traversing through the foil at each
revolution provide fast timing signals used to extract their
mean revolution times. Many different nuclear reaction
products are studied in one experiment. Mean revolution
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times of the stored ions, 7, depend on their mass over
charge ratios, m/q, as [4,22]

AT _ 1 A(m/g) o
T y? (m/q) T

(1)
where y, is the so-called transition energy of the storage
ring. The term 67/T represents the variable resolving
power. By using Eq. (1) and revolution times of ions with
well-known masses, a calibration curve is established
which is then used to determine previously unknown
nuclear masses [4,23].

For each ion species stored in the ring, the spread of
revolution times 7 is determined by the magnetic rigidity
(Bp) acceptance of the ion optical system as [24,25]

2
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where y is the mean relativistic Lorentz factor of the stored
ion species and v is the velocity of the ion. In the case of the
CSRe, 7, can be varied from 1.3 to 1.4 depending on the
ring settings [26,27]. The magnetic rigidity of a single ion
is determined by Bp = p/q = m/q - vy, with p being the
momentum of the ion.

Right after the production target, the momentum spread
of the reaction products is much larger than the typical
acceptance of a storage ring [22]. Ion species with different
velocities but matching the magnetic rigidity can be
transmitted to and stored in the ring. From Eq. (2), it is
obvious that high time resolutions (equivalent to the high
mass resolving powers) can be achieved for ion species that
well match the isochronous condition of y = y, [4]. For ion
species with y differing from y,, the isochronous condition
is not well matched, resulting in a broadening of the
corresponding revolution-time distribution. Furthermore,
the distributions can become asymmetric due to asymmet-
ric momentum spread at the injection into the ring [28]. As
a result, the mass resolving power is quickly decreasing
when moving away from the isochronous condition.

It was recognized years ago that the velocity of each
stored ion is needed to correct for nonisochronicity effects
[29,30]. This has been laterally verified in the ESR [31] as
well as in the CSRe [32] by limiting the momentum spread
of the ions with mechanical slits, though at a cost of
dramatically reduced transmission efficiency. The velocity
measurements can be conducted by using two TOF
detectors either outside or inside the ring. For example,
in the IMS experiments at the R3 in RIKEN, the velocity of
each ion is measured by two timing detectors installed 84 m
apart in the fragment separator before injection into the R3
ring. A relative precision of ~107* is expected there [8].
The driver accelerator in RIKEN is a superconducting
cyclotron providing quasi-direct-current primary beam.
Such approach is possible at the R3 since only a single

ion identified in the fragment separator is injected at a time.
It is different at GSI and IMP facilities, where the fast
extraction of the pulsed primary beams of a synchrotron
onto the target produces a bunch of reaction products with a
pulse duration of 0.3-0.5 us. For dozens of particles in a
single bunch, it is not feasible to perform particle-by-
particle velocity measurements in the fragment separator in
coincidence with the revolution times measured in the ring.
In the past decade, the possibility has been investigated to
perform simultaneous measurements of the revolution
times as well as the velocities of stored ions [24,30]. In
this work we report the first precision in-ring velocity
measurements of ions stored in the CSRe.

II. EXPERIMENT

The experiment was conducted at the Institute of Modern
Physics in Lanzhou. The *®Ni!®* primary beams with an
energy of 440 MeV/u were fast extracted from the heavy
ion synchrotron the main Cooler-Storage-Ring and guided
to a ~15 mm thick °Be target. The projectile fragments of
interest were selected in flight by the radioactive ion beam
line (RIBLL2) before they were injected into the CSRe.
Injections were repeated every few ten seconds.

The CSRe was tuned in the isochronous mode with
v, = 1.365. The momentum acceptance of the CSRe is
+0.2%. Figure 1 shows calculated betatron amplitude
functions f,, and dispersion functions D, , along the
reference closed orbit in the CSRe, s. These functions
are used to determine the closed orbit and betatron
oscillation amplitudes for a stored particle with a certain
momentum and position deviation from the reference
particle [33,34]. The RIBLL2-CSRe system was set to a
fixed central magnetic rigidity of Bp = 5.471 Tm. In this
setting, the isochronous condition was well matched for the
nuclei with mass-to-charge ratio A/Z = 1.9 (around *Ni*%+
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FIG. 1. Calculated horizontal, f.(s) (blue solid line), and
vertical, f§,(s) (red dotted line), betatron amplitude functions
and the horizontal, D, (s) (green dashed line), and vertical, D, (s)
(black dashed and dotted line) dispersion functions of the CSRe
lattice employed in this experiment. Calculations were done with
WINAGILE code [35]. The positions of the two TOF detectors are
marked by black solid vertical line.
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and »Cu®*), which had an optimum transmission effi-
ciency through the system as well.

Two TOF detectors, TOF1 and TOF2, were installed
18 m apart in one of the straight sections of the CSRe as
shown in Fig. 1 [24,36-38]. The diameter of the carbon foil
in the TOF detector is only 40 mm, which limited the
horizontal acceptance to ~20z mm mrad. Each ion circu-
lating in the ring successively passed through TOF1 and
TOF2 at each revolution and could produce timing signals
in both detectors. These timing signals were recorded by
the same digital oscilloscope via two input channels. The
sampling rate was 50 GHz. The acquisition time was
400 us after the injection trigger, corresponding to about
600 revolutions of the ions in the ring. From the recorded
timing signals, the time stamps of each ion species [23],
texp(N), i.e., the absolute passing times of the ions at the
revolution number N after injection, are extracted using the
constant fractional discrimination technique. In this experi-
ment, about ten ions of different Z were stored in the ring in
each injection, and the fraction of one specific ion species
depends mainly on its production yield and transmission
efficiency. The particle identifications were easily made
according to the procedures described in Refs. [23,39].

Figure 2 shows a pair of time sequences of a single
V23 jon from the two detectors. As can be seen in the
inset of this figure, a passage of the ion through the detector
did not always produce a time stamp. This is because the
detection efficiencies varied from 10% to 90% depending
on the atomic number Z of the ion as well as on the total
number of stored ions [20,21]. For the time sequences in
Fig. 2, 437 and 441 time stamps were recorded by the

L 1 L 1 L 1 L 1 L 1 L 1
0O 100 200 300 400 500 600
N
FIG. 2. Time sequences of a single “V3* ion measured by
TOF1 and TOF2 detectors as a function of the revolution number
N. For illustration purpose, the time stamps from TOF2 are
shifted upwards by 10 ps. The inset illustrates a region zoomed at
299 < N <309 showing the missing time stamps in some

revolutions. The error bar of each data point is within the symbol
size.

TOF1 and TOF2 detectors, respectively, from the overall
570 revolutions in the ring. This corresponds to the average
detection efficiencies of 76.6% (TOF1 detector) and 77.4%
(TOF2 detector) for this V23t ion. For the data shown in
Fig. 2, 342 one-to-one coincident time stamps were
identified. In the following, the data presented in Fig. 2
are used as an illustrative example.

III. VELOCITY DETERMINATION

The mean velocity of an ion circulating in the ring, v, can
be obtained via

L L
v= = . (3)
Aty Aley — Aty

with L being the distance between the two TOF detectors in
the straight section of CSRe, At,,, the mean time-of-flight of
the ion between the two detectors, Atexp is the mean time-of-
flight extracted from the measured data, and Az, = (1% —
19F! the time delay difference between the two timing
signals transmitted from the detectors to the oscilloscope.

L = 18033.85 £ 1.25 mm and At; = —99 + 4 ps were
accurately measured in a dedicated study by using a laser
calibration system [24]. Therefore, the task to obtain the ion
velocity is reduced to the determination of Af.,, using the
measured time sequences.

A straightforward way to deduce Aty is to use existing
coincident time stamps from both TOF detectors in the same
revolution, At,;. For the V3% ion presented in Fig. 2, 342
Aty values, deduced from Argy = 5P (N) — 1Z0F' (N),
are presented in Fig. 3 as a function of the revolution
number N.

The slow increasing trend of At values with the
revolution number in Fig. 3 is due to energy losses of this
ion in the thin carbon foils of the TOF detectors. The
overall increase of At from the first to the last revolution
is estimated to be ~70 ps which corresponds to ~0.08%
relative variation. The arithmetic mean value of these 342
Aty values is At,, = 89.738(3) ns and the corresponding
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FIG. 3. Time differences, At.;, as a function of revolution
number, N, for 342 coincidence timing signals recorded by both
TOF detectors in the same revolutions. The data are for the same
$V2+ jon as in Fig. 2.
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FIG. 4. Velocity distribution of all ¥*V?3* jons in this experi-
ment extracted from At values.

mean velocity is determined using Eq. (3) to be
2.00741(6) x 10® m/s. Here only statistical errors from
At are included.

Figure 4 shows velocity distribution deduced from
Eq. (3) using A, values of all V2 jons detected in
this experiment. The obtained range of velocities is
(2.0048-2.0086) x 10® m/s, which agrees well with the
known acceptance of the CSRe. The velocity values have a
typical uncertainty of 6.2 x 103 m/s originated from the
statistic errors of Af;.

From data analyses of mass measurement experiments at
the CSRe as well as at the ESR using a single TOF detector,
it is well established that the flight time of an ion is a
smooth function of the revolution number. If an ion
circulates in the ring without energy losses, it would move
around a mean orbit of a fixed length. The time sequence of
such an ion would thus be described by a linear function
with the slope providing directly the mean revolution time.
However, due to the inevitable energy losses of the ions
passing through the carbon foils of the detectors, the ions
slowly change their orbits and the revolution time varies
smoothly with the revolution number. Taking this effect
into account, a third-order polynomial function is usually
used to describe each of the measured time sequences as a
function of the revolution number N [23,40]. It is defined as

3
[fit(N):Zai'Ni:a0+a1’N+a2'N2+a3'N3’
i=0

(4)

where aq, ai, a,, as are fit parameters. #(N) values are
mathematical expectations of the experimental time stamps,
texp(N), of the ion at the revolution number N. Using the fit
parameters, the revolution times are derived from the slope
of the fitted polynomial function #,(N) [23,40]. The flight

0 100 200 300 400 500 600
N

FIG.5. (a) At values obtained by using Eq. (5) as a function of
the revolution number N. The data are for the single ¥V?** ion
presented in Fig. 2. (b) The lo uncertainty of the Aty values,
o(Atg). The black solid line and gray solid shadow correspond to
the fitting with all parameters set free. The red dashed line and red
hatched area correspond to the fitting process with Aa, =Aaz; =0
(see text).

time between the two TOF detectors, At (N), can then be
determined via

3
At (N) = (5OP(N) = (57 (N) = 3 Aay - N, (5)
i=0

where Aa; = al° — a9 (i =0, 1, 2, 3). In the experi-
ment, the ions were stored at relativistic energies and the
energy losses in the carbon foils were very small with the
semi-Landau distribution [40,41]. Therefore it can safely be
assumed in Eq. (5) that Aa, = Aa; = 0 leading to only six
free parameters in the fitting procedure.

Figure 5 illustrates the obtained Aty values and their
uncertainties o(Atg,) as a function of the revolution number
N for the data of the single ¥V?3* ion presented in Fig. 2.
The black solid line is the fitted results using Eq. (5) with
no additional constraint (eight free parameters). The gray
shadowed area shows the corresponding uncertainties of
the fitting. The red dashed line and the red hatched area
represent the fitted results and the corresponding fit errors
with the Aa, = Aas = 0 constraint. Both approaches agree
well with each other and the latter one results in smaller
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FIG. 6. (a) Residuals of the polynomial fitting as a function of
the revolution number N (left) and their projection (right) for the
single V237 ion as in Fig. 2. (b) Correlations between orop, and
orop; for all ¥V23* ions identified in this experiment.

uncertainties. As expected, o(Atg,) reaches a minimum at
the middle revolution turn [see Fig. 5(b)]. Hereafter and in
the subsequent analysis, the condition Aa, = Aa; = 0 will
be used.

Figure 6(a) depicts the fit residuals of the measured time
stamps for the single ¥*V>** shown in Fig. 2. The projected
histograms of the residuals exhibit broad and obvious non-
Gaussian distributions. The standard deviations orop; =
64.4 ps and oo, = 52.6 ps are larger than the measured
intrinsic time resolutions of the detectors of ~30 ps
[21,24]. Furthermore, they are larger than, or accidentally
equal to, the o(Af.;) value shown in Fig. 3.

Figure 6(b) illustrates the scattering plot of the extracted
o1oR2 Versus opop; for all ®V23* jons detected in this
experiment. A clear correlation is observed between oror;
and oo, With a fairly large Pearson correlation coefficient
of 0.85. Such correlations are also observed for all other ion
species. The double-peak structures of fit residuals from
both detectors in Fig. 6(a) and the high correlation between
otor; and otop; in Fig. 6(b) point to an unconsidered
systematic effect that requires further treatment.
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FIG. 7. Periodogram extracted from the fit residuals in
Fig. 6(a).

It is well known that the motion of a charged particle
with a nonzero emittance in a storage ring is characterized
by betatron oscillations in the transverse plane of the ion
motion [33]. This may cause extra periodic fluctuations in
the orbital length and thus the revolution time will oscillate
as a function of the revolution number [28]. To check
possible influences of these emittance-induced oscillations,
each of the fit residuals shown in Fig. 6(a) has been
analyzed with the discrete Fourier transform technique.
A periodogram, P(f), conventionally defined as [42]

P = - { [ S costanr )]
+ [ZJ: Xy, - sin(2zf - N,)T}, (6)

was applied for the detection of periodic components
hidden in the residuals. Here XN, is the fit residual at
the revolution number N; and n; is the total number of time
stamps. The presence of a periodic component in the
residuals shall be indicated by a distinct narrow peak in
the P(f) spectrum [42].

The periodogram analysis yielded the P(f) spectrum
shown in Fig. 7, which is symmetrical against f = 0.5. Two
predominant peaks are found in the 0 < f < 0.5 range at
f =~ 0.32 and 0.39 for both TOF1 and TOF2 time sequen-
ces. By doing the same analysis for other time sequences of
all detected ions, we find that the peaks are always at nearly
the same f values, but with different amplitudes. This result
indicates that the peak positions in the P(f) spectrum are
determined by the machine properties of the storage ring,
most likely the tune values of betatron oscillations. In the
horizontal and vertical directions in the transverse plane of
the ion motion, the tunes are defined as the numbers of
betatron oscillations per revolution, denoted by Q, and Q,
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respectively [34]. In the next section it will be shown that
the two frequencies indicated by the peaks near 0.39 and
0.32 in Fig. 7 are the fraction parts of Q, and Q,,
respectively.

To account for betatron oscillations, the fit function of
Eq. (4) was modified by adding two additional sinelike
terms:

3
i (N) :Zai'Ni+Ax'Sin[2”' (Qx0"N+0Q41-N?) +.]
=0

=

+A,-sin2z- (Qyo- N+ Q1 -N?) + b, ). (7)

The polynomial function of Eq. (7) describes in fact the ion
motion with a mean orbital length, while the sinelike terms
describe the periodic time fluctuations due to betatron
oscillations. The first derivative of the phase term in Eq. (7),
QO =0Qy+20, N, represents the fractional horizontal/
vertical tune. The tune variation factors, Q,; and Q,,
which are the results of the ion energy loss in the TOF foils,
are proportional to the corresponding chromaticities of
the ring [34]. In the fitting procedure, the constraints
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FIG. 8.
procedure.

Same as Fig. 6, but using Eq. (7) in the fitting

.' T T T T T T T T T
- b -
01 e .
! te ]
I.s
_ e,
(2] F L] []
335_ .l ¢
5" . s, TOF2
l. '. /
h,, ...
TOF1 PP
! "
30 .
5 10 15 20 25 30
z

FIG.9. Z dependence of the experimental time resolution of the
TOF detectors deduced from the fit residuals using Eq. (7).

QIOF! = QIOF2 and QTOF! = QTOF2 were used since the
two TOF detectors are measuring the same ion.

The results using the updated fit function of Eq. (7) are
shown in Fig. 8. The standard deviations of the fit residuals
are reduced to orop; = 31.9 ps and otor, = 31.8 ps,
which are now closer to the intrinsic time resolutions of
~30 ps of the TOF detectors [21]. The correlation between
otor and orop; observed in Fig. 6(b) has been removed as
shown in Fig. 8(b). Both results in Fig. 8 indicate that the
time fluctuations induced by the betatron oscillations have
been—at least partly—described by Eq. (7).

It is clear that the new fitted parameters, a; (i = 0, 1, 2, 3),
using Eq. (7) are different from those when using Eq. (4). The
new parameters are used in Eq. (5) to deduce the flight time,
Aty (N), between the two TOF detectors. Taking Atey, =
At (N) at the middle revolution number, the velocity of
the ¥V2* ion presented in Fig. 2 is determined to be
2.00735(5) x 108 m/s via Eq. (3) which is in good agree-
ment with the result obtained by using the Az values.

Figure 9 shows Z dependence of the experimental time
resolution of the TOF detectors deduced from the fit
residuals using Eq. (7). The number of secondary electrons
released from the foil of the TOF detector is smaller for
lower-Z ions. This affects the detection efficiency as well as
accuracy of measured timing signals and, as a consequence,
statistical uncertainties for lighter-Z ions are larger.

IV. RESULTS AND DISCUSSION
A. Velocity

Precision velocity measurement of a stored ion depends
critically on the precision determination of its time of flight,
Afeyp, between the two TOF detectors. It turned out that at
the present level of accuracies, it became essential to
include two sinelike terms into the fit function to describe
the betatron oscillations of the ion motion in the storage

042802-6
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FIG. 10. Uncertainty distributions of A, for all *V*** jons
extracted by averaging the time differences, Af.;, of the
coincident time stamps in different revolutions (black dotted
line), and by using the polynomial fit function with [Eq. (7)] (blue
dashed line) and without [Eq. (4)] (red solid line) the sinelike
terms.

ring. Figure 10 illustrates time uncertainties, o(Afy,), of
Atey, values for all stored *V#** jons determined via three
approaches, namely (i) by averaging the individual times of
flight, At..;, deduced from the coincident time stamps in
different revolutions, (ii) by a polynomial fit function
according to Eq. (4), and (iii) by a polynomial fit function
with two sinelike terms included according to Eq. (7). One
can clearly see that the smallest mean value of 6(Af,y,) has
been obtained in the latter case. This indicates that properly
considering and treating the effects of the betatron oscil-
lations can significantly improve the precision of the Az,
values and thus the velocities of the ions.

The analysis described above has been applied to all ion
species with more than 100 ions detected, yielding similar
distributions as in Fig. 10. The mean time uncertainties,
6(Ateyp,), for each ion species have been extracted and
plotted in Fig. 11. This figure shows that the mean
uncertainties have a decreasing trend from lighter to heavier
ions. This can be understood if the Z dependence of the
detection efficiency of the detectors is considered, i.e., a
higher detection efficiency gives lower statistical errors
in Afeyp.

The lowest mean uncertainties of At are within the
range of 2.0-6.4 ps, corresponding to the relative precision
of (2.2-7.2) x 107 with respect to an average time of
flight between the two TOF detectors of Az, ~ 89 ns. At
present, the best single-path time resolution in the TOF
mass spectrometry has been achieved to be less than 10 ps
by using fast plastic scintillators [43]. In our IMS experi-
ments in the CSRe, although the intrinsic time resolutions

FIG. 11. Average uncertainty of Az, as a function of atomic
number (Z), extracted from available Ar.,; values (black filled
circles), and by using the third-order polynomial fit function with
[Eqg. (7)] (blue filled triangles) and without [Eq. (4)] (red opened
circles) the sinelike terms. Solid and dotted lines represent the
estimations using Egs. (8) and (9), respectively.

of TOF detectors are about 30 ps, such high precision is
achieved thanks to the in-ring multiturn measurements.
To understand the mean uncertainties, 6(At.y, ), and their
variation trends shown in Fig. 11, an error estimation can be
made. The expected uncertainty of Af., deduced from
one-to-one coincident time stamps is given by

o2 + o2
A _ 1 2
o(Beg) =\ [ (8)

where o; (i =1, 2) and #; (i = 1, 2) stand for the time
resolutions and detection efficiencies of the detectors,
respectively, and N, is the total number of revolutions.
The mean detection efficiencies, #; and 7,, and the number
of revolutions, N, for the specific ion species were deduced
from the observed time sequences. By using the exper-
imental time resolutions shown in Fig. 9, the experimental
6(Atey,) and its Z dependence can be fairly well repro-
duced with Eq. (8) (see solid line in Fig. 11). The
experimental 6(Af,) values are slightly larger than the
estimations for the higher-Z nuclei, this could be due to
the effects of energy losses as shown in Fig. 3.

If Az, values are deduced through the fitting procedure
by using all time stamps, the 5(At,,,) can be estimated by a
modified formula:

02 02
G(Atexp) = \/N 1 + 2 (9)

(X Nyxap
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The estimated errors, o(Af,y,), are plotted with a dotted
line in Fig. 11. The estimated results are in perfect agree-
ment with the values obtained experimentally.

B. Q values and the chromaticity of the CSRe

As mentioned above, it is likely that the additional
sinelike terms in Eq. (7) describe the periodic time
fluctuations originated from the betatron oscillations of
the stored ions. On the one hand, when an ion with the
emittances ¢, , moves in the ring with betatron tunes Q, ,,
its orbit length will oscillate around the mean orbit length,
leading to the oscillation of the flight times in the ring. The
amplitude of such orbit-length oscillation in the bending
plane, AC,, can be calculated by [34]

AC, = \/J/stzz — 20,RsyRs; + fRsi?

2 sin( Q.7)

A \/J’lef) + 2a,R6R26 + P Rag’
2 sin Qx

- \/e_\/ 7.D.2 + 2a,D.,D, + B.D?, (10)

where a,, B, and y, are the Courant-Snyder or Twiss
parameters at the TOF position, Rs;, Rs,, Rig, and R, are
the elements of the one-turn transport matrix from and to
the TOF detector, and D, and D’ are the dispersion
functions at the detector position. Since the dispersions
D, and Dj are typically equal to zero, as shown in Fig. 1,
the particle emittance in the vertical plane, €,, should not
contribute to the orbital-length oscillation (equivalently to
the flight-time oscillation) if not considering the coupling
of betatron oscillations in X and y directions.

On the other hand, the ion circulating with a betatron
oscillation would hit the carbon foil of the TOF detector at
different positions during its revolutions in the ring. This
would result in the hit-position oscillations in both % and ¥
directions with two frequencies, namely Q, and Q,,
respectively. The amplitudes of such position oscillations
are determined by /¢, - f,,. The ion optics of the real
TOF detector is not perfectly isochronous due to imper-
fections of the electric and magnetic fields, which are
employed in the detector to guide secondary electrons from
the carbon foil to a microchannel plate. Hence, the trans-
mission times of the secondary electrons in the detector are
likely to be position dependent [21]. This can as well
contribute to the observed flight-time oscillations.

Taking into account the oscillations of both the orbit
lengths and the hit positions along with the intrinsic
nonisochronicity of the TOF detector, it is evident that
the emittance, €,, of the stored ion induces the flight-time
oscillation with the frequency Q.. The hit-position oscil-
lations in the y direction with the frequency Q, might be
coupled via the not perfectly isochronous TOF detector and
imposed onto the oscillations of the measured flight times,

0400f T T

0.395

x 0.390
€]

0.385

0.380

0.330
0.328
0.326

G 0.324
0.322

0.320

0318 ]
5460 5465 5470 5475 5480
Bp (T m)

FIG. 12.  Scattering plotof fited Q = Qy + 2Q; - N values at the
middle revolution number, Q, (a) and Q, (b), for*V** (black dot)
and P!+ (red circle) ions. The magnetic rigidities, Bp, of the ions
are calculated according to the known masses [44] and the
measured velocities. Only the ions with a condition of ATOF? >
15 psinEq. (7) are used corresponding to 68 % of the whole events.

although &, should not directly contribute to the orbital-
length oscillation AC. The fitting procedure using Eq. (7)
can yield the two tune values Q, and Q,, but it is not
possible to separate the contributions from the betatron
oscillation of the ion in the ring lattice and from the
transmission times of the electrons in the TOF detector.

Mathematically, it makes no difference to use the peak
frequency f or 1 — f shown in Fig. 7 in the fitting
procedure with Eq. (7). Because O, ~ Q, ~2.37 in the
lattice design in this experiment, the measured two
frequencies below 0.5 are assigned to be the fraction parts
of the tune values. It is also suggested to assign the peak
J =~ 0.39 to be associated with Q, as it has larger amplitude
than the other one.

The fitted parameters, Q = Qg + 20, - N at the middle
revolution number for V23 and 28P!3* ions are shown in
Fig. 12. The magnetic rigidities, Bp, of the ions are
calculated according to the known masses [44] and the
measured velocities. As expected, the fitted Q values are
independent of the ion species as shown in Fig. 12. The
fitted Q values vary with the magnetic rigidities of the
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stored ions, thus reflecting the chromaticity of the CSRe.
The tunes and the chromaticities will be measured in future
experiments with an independent method to cross-check
the results presented here.

V. CONCLUSION

To realize a novel scheme of IMS, two TOF detectors
were installed in a straight section of the CSRe in Lanzhou.
Revolution times as well as velocities of the stored ions
have been measured by using this new experimental setup.
The analysis of the first data revealed that the measured
time sequences from ions passing the TOF detectors are
sensitive to betatron oscillations of the ion motion in the
ring. Two sinelike terms were added to describe the
flight time oscillations of the ions as a function of
the revolution number. The relative precisions at a level
of 5(Ateyp)/ Alexp ~ 1077 have been achieved. The betatron
tunes of the CSRe were obtained with high precision for the
first time by the novel data analysis method developed in
this work. With the successful precision in-ring velocity
measurements of each stored ion, a new way to study the
chromaticities of the storage ring has been developed. The
merit of this new way is the sensitivity that the measure-
ments can be conducted using a secondary beam with only
several or even a single stored ion in the storage ring.

At the future HIAF facility [45,46], two TOF detectors
equipped with ultrathin carbon foils of even larger diam-
eters will be installed in one of the straight sections of the
spectrometer ring (SRing) [47]. The distance between the
detectors will be longer than in the case of the CSRe.
The same concept will be followed in the ILIMA project at
the FAIR facility in Germany [30,48,49], where two TOF
detectors will be installed in the collector ring (CR) [25,50].
The results obtained and techniques developed in this work
can be essential for designing the experiments at these
future storage rings.
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