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Determination of internal-target thickness and experimental luminosity
from beam energy loss at HIRFL-CSRe"
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Abstract:

The target thickness for nitrogen was determined from the beam energy loss in HIRFL-CSRe during

the experimental study of the K-REC process in 197 MeV /u XeP-N; collisions. Furthermore, the corresponding

integrated luminosity of (1.1540.06) x 103° ¢cm~2 was obtained. As an independent check on the energy-loss method,
we have also determined the integrated luminosity by measuring the produced X-rays from the K-REC process with
a known differential cross section. The values of (1.1240.06) x 10* and (1.094-0.06) x 10*® cm ™2 were obtained by
using two high-purity germanium (HPGe) detectors which were oriented at 90° and 120° with respect to the beam

path, respectively. The consistent results confirmed the feasibility of the energy-loss method, which may have an

important impact on future internal target experiments at HIRFL-CSRe.
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1 Introduction

Internal target facilities have been widely used at
storage rings for experimental studies in the fields of
atomic, nuclear and particle physics, because the storage-
ring operation with the combination of internal targets
and cooling of the stored beams allows high-precision
experiments to be made with high luminosities and low
physics background [1, 2]. The HIRFL-CSR has been in
operation since 2008 and can provide all ion species from
protons to uranium, with energy variable from ion source
energy to 1 GeV/u (A/q=2) [3, 4]. An internal target
facility, dedicated to ion-atom collision experiments, was
constructed at one straight section of CSRe [5, 6]. It can
provide atom beams of 10**—10" atoms/cm? for inert
gases and small molecular gases (e.g. CH,) under ultra-
high vacuum (UHV) background, usually 10~° Pa, for
experiments.

Experiments with an internal target at a storage ring
have many advantages. However, it is difficult to deter-
mine the absolute cross section of a reaction where lumi-
nosity cannot be simply established through macroscopic
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measurements. The luminosity of an internal target ex-
periment can usually be given by

L:nionDT.fv (1)

where n,, is the number of circulating ions, Dy the tar-
get areal density, and f the revolution frequency of the
stored ions. In an ideal scattering experiment with an
internal target, the profile of the coasting beam should
be far less than that of the target beam, and the cen-
ter of the beam and target coincide perfectly, therefore
the target thickness can be determined by multiplying
the target volume density and the path of the beam in
the target d, which was approximately 3.6 mm in our
case, as shown in Fig. 1. The target volume density can
be derived with pressure difference measurements which
are calibrated by the flow rate of atomic beam [7]. If
so, the luminosity can be determined by measuring the
number and revolution frequency of the ions in the stor-
age ring, which can be done accurately by a DC current
transformer (DCCT) and Schottky pick-up device [§],
respectively.
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Fig. 1. (color online) Schematic views of (a) ideal

and (b) possible beam-target overlap.

Unfortunately, at the specific condition of experi-
ments with internal cluster-jet target at CSRe, such mea-
surements are known to be imprecise due to the follow-
ing several factors. Firstly, the distribution of volume
density of a cluster jet target is usually represented as
a homogeneous cylinder with a uniform value along the
path of the beam in the target. This simple model was
recently proved inappropriate for the actual density dis-
tribution [9]. Secondly, the profile of the cooled beam
may be comparable to the size of the target beam. In
such a case, the target thickness cannot be obtained by
simply multiplying the target volume density and the
path of the beam in the target. Instead, one has to con-
sider the particular intensity distribution of the beam
at the point of collision. Finally, it is very challenging
to ensure that the beam and the target center coincide
perfectly during the whole experiment. Therefore, in or-
der to measure the effective target thickness accurately,
one has to monitor the intensity distributions of the ions
and target and the relative position between them in real
time. Up to now, it has not been feasible to monitor all
these parameters instantaneously in our experiments.

Here we present the first experimental determina-
tion of the effective target thickness from the beam en-
ergy losses at the internal target in HIRFL-CSRe. The
energy-loss technique were developed by H. J. Stein et
al. to determine a hydrogen cluster-jet target at the
COSY-Jiilich accelerator with an proton beam of energy
2.65 GeV [10]. It is simple in principle and independent
of the profiles of the targets beam and beams. The re-
peated passages of a coasting ion beam through a thin
target in a storage ring will induce a shift of revolu-
tion frequency due to energy loss in the target. Since
the revolution-frequency shift rate is proportional to the
target thickness and the beam-target overlap, its mea-
surement offers the possibility to determine the effective
target thickness and hence the corresponding luminosity

in an experiment. The measurements here are expected
to provide the accurate target thickness and luminosity
for the absolute cross-section study on future internal
target experiments, and also provide some reference val-
ues for the study of the beam loss mechanism of heavy
ions at HIRFL-CSRe.

2 Determination of target thickness
from beam energy loss

The experiment was carried out at CSRe, which
is equipped with an electron cooling system (electron-
cooler) [11] and an internal cluster-jet target. The ex-
periment was carried out with the stored coasting beams
of bare Xenon ions (**'Xe*") with an intensity of about
(3~8)x10° and a kinetic energy of 197 MeV/u. CSRe
has three typical operation modes, i.e., internal tar-
get mode, normal mode and isochronous mode. In the
present case, the internal target mode with the transition
gamma 7, = 2.457 was imposed [3], where the ion beam
was most focused at the target region to maximize the
beam-target overlap. The electron-cooler was used for
increase of the phase space density of the injected beam
and hence provided a high quality, dense stored beam for
in-ring experiments.

In the internal target section, the beam crossed with
a N, cluster jet, which was produced by a four-stage dif-
ferential pumping system with its nozzle cooled to about
90 K. The jet had a intensity profile with a diameter
of about 3.6 mm at the interaction zone. A chopper at
the second stage of the cluster source was used to control
whether or not to allow the target beam into the collision
chamber. It takes less than a second to turn the target
beam on or off using the chopper. The target density was
stable during the whole experiment, and the background
vacuum was better than 3X 1072 Pa. To optimize the
beam-target overlap, a photomultiplier tube (PMT) was
employed behind a quartz window of the collision cham-
ber to count the visible and ultraviolet photons, which
were emitted when the ions passed through the inter-
nal target. Without the ion beam, the counting rate of
the PMT was typically less than 10 Hz, while with the
optimized beam-target overlap the counting rate ranged
from 600 to 2500 Hz. By locally shifting its orbit and
monitoring the counting rate of the PMT, the beam was
able to overlap with the cooling electron beam and cross
with the internal target jet simultaneously.

The ion beam that had been injected into the CSRe
was first cooled before the N, target beam was turned on.
Then the electron-cooler was turned off while the target
beam was turned on (this defines the origin of time ¢ =0
s), resulting in a shift in the revolution frequency due
to the energy loss. The revolution-frequency spectrum
of the circulating ions was measured by CSRe Schottky-
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pickup diagnostics. The typical longitudinal Schottky
power spectrum for the 6th harmonic of the revolution
frequency is shown in Fig. 2. The measurement was
started at about ¢t =50 s and lasted over a period of 40
s. It can be seen obviously from the right side of the
figure that the center of the spectrum shifts to the lower
frequencies.

Spectrum Lengt
Spectrum Inter
NBW:

Channel Power: -48.99 dBm
Den 2 dBm/Hz Channel Bandwidth: 20 kHz
RealTime : Channel Power # Vertical Size (kframe): 1.032
Fig. 2. (color online) The longitudinal Schottky

power spectra recorded within about 40 s dur-
ing the blow up measurement with the electron-
cooler off. The measurement was done for the 6th
harmonic of the revolution frequency and started
after 50 s when the electron-cooler was turned off.

The effective target thickness can be determined from
the frequency-shift rate according to [10]

1+v1 1 T,df
v n(dE/dz)m f§ dt’

where « is the Lorentz factor, n =y, >, the frequency
dispersion function [12], dE/dz the stopping power of the
ions in the target, m the mass of the target atom, and
To = (y—1)mc? the beam kinetic energy. Here 7, and
T, are determined by the measured revolution frequency
and nominal circumference of the accelerator, and d£/dz
is calculated from the Bethe-Bloch formula as is done in
Ref. [13]. The revolution-frequency shift Af is deter-
mined by analyzing the Schottky noise spectrum of the
coasting Xe®** beam. The revolution-frequency distri-
bution is characterized by a mean revolution frequency
fo, which is directly related to the longitudinal ion mo-
mentum.

Dy= (2)

3 Results and discussion

3.1 Results of target thickness

Figure 3 shows a typical result for the Schottky
power spectra obtained during about 500 s cycles after

the electron-cooler was switched off and the target was
turned on (¢t =0). Due to the momentum spread of the
coasting beam, the spectra have broadening widths. The
center of the spectrum shifted to the lower frequency due
to the energy loss and the width of the distribution in-
creased due to energy straggling. The overall revolution-
frequency shift in the cycle is negative because at 197
MeV /u the accelerator is working under the transition
point.
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Fig. 3. (color online) Schottky power spectra ob-
tained during a 500 s cycle. The measurement was
started after the ion beam in CSRe was cooling
down to a momentum spread Ap/p of 2.2x107°
(t =0 s). The mean revolution frequencies indi-
cated by vertical lines decreases through the cycle.

Because the spectrum analyzer measures primarily
the Schottky noise power, which is proportional to the
number of particles N in the ring, the mean value of
revolution-frequency distribution can be evaluated di-
rectly by following formula

[ 1
Jow T 3)

| 1w

and it is labeled by the vertical lines in Fig. 3.

The time dependence of the mean revolution-
frequency shift Af is shown for a typical cycle in Fig.
4. The fitting result by the least square is shown as the
solid line and is well described by a second order poly-
nomial:

fmcan -

Af=0.005471>—7.717t — 76.46, (4)

where the units of ¢ and Af are second and Hz, respec-
tively. Hence the rate of revolution-frequency shift can
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be given by df/dt = (0.0109¢t — 7.717) Hz/s. This result
means that rate of revolution-frequency shift changes
a little during testing since the overlap of beam-target
changes and beam profile changes due to the emittance
growth over the cycle.
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Fig. 4. (color online) Typical mean revolution-

frequency shift derived from Schottky power spec-
tra of the type illustrated in Fig. 3. This results
show revolution-frequency shift decrease with a
slope df/dt = 7.717 £0.025 Hz/s at the begin-
ning of the measurement and then slow down to
3.274+0.011 Hz/s at the ending of measurement.

Using Eq. (2) a first approximation to the value of
the effective target thickness can now be given, assuming
that the measured revolution-frequency shift was dom-
inantly caused by the target itself. A stopping power
of 7845 MeVem?g~! for Xe®* in a nitrogen target is
adopted. The result for the particular machine cycle,
which is typical for the whole run, is Dy = 2.26 x 10*?
atoms/cm? at the beginning of the measurement and
then decreases to 9.6 x 10" atoms/cm? at the ending
(about t =400 s) of measurement. This result contains,
of course, a contribution arising from the residual gas
in the ring. The systematic correction is needed to take
account of this.

The contribution of the residual gas in the ring to
the energy loss was measured with the target switched
off (Fig. 5). The resulting revolution-frequency shift
rate was df /dt = 0.168+0.005 Hz/s, which corresponds
to a 3% effect as compared to that obtained with the
target. The energy loss caused by the nitrogen not be-
ing localized in the target beam is neglected here due to
the vacuum of 9.0 x 107 and 1.1 x 10~° Pa being ob-
tained in the scattering chamber without and with gas in,
and these values are much better than the mean value of
5.0x107° Pa in CSRe. Therefore, the effective thickness
of 2.21 x 10'? atoms/cm? were determined at the begin-
ning of measurement and then decreased to 9.06 x 10'*
atoms/cm? at the end of the measurement.

However, the value of target thickness estimated by
the pressure difference measurements, which were cali-
brated by the flow rate of atomic beam [7], is 3.52x 10'?
atoms/cm?. It was larger by a factor of 1.6 than the

corresponding thickness determined from the beam en-
ergy loss. Therefore, the beam-target overlap is incom-
plete in this experiment and the overlap factor between
the beam and cluster-jet is estimated to be about 60%
and decreases over time. The effective target thickness
might also decrease due to the emittance growth or the
dispersion not being zero, and this would induce a slight
nonlinear time dependence of the revolution-frequency
shift. Because of the dispersion D, =~ 0 at the target
position, the ion beam should not move away from the
target when its energy decreases. The beam can also ex-
perience emittance growth through multiple small angle
Coulomb scattering in the target. At each target traver-
sal the emittance of the ion beam increases slightly in
both transverse directions, leading to larger beam pro-
files, and as a consequence, the beam-target overlap may
be reduced.
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Fig. 5. (color online) Typical mean revolution-

frequency shift owing to the residual gas derived
from the Schottky power spectra. The result-
ing revolution-frequency shift rate was df/dt =
0.168+0.005 Hz/s.

Figure 6 shows the counting rate of the PMT divided
by the beam current in one of the cycles under different
cooler conditions. The open circles represent the test re-
sults while electron cooling device was kept on during
the whole cycle. As the counting rate of the PMT is
proportional both to the Xe®* beam intensity and to
the effective target thickness, it could be used as an in-
dicator of the beam-target overlap factor, supposing the
beam intensity and target thickness are unchanged dur-
ing the measurement. From the figure one can see that
the overlap of the beam and target are nearly constant.
However, the beam-target overlap decreased obviously
if the electron-cooler was turned off after the beam was
cooled down, as indicated by the open squares in Fig. 6.
So the electron-cooler plays an extremely important role
in experiments with an internal target at storage rings.
It can not only diminish the effects of Doppler broaden-
ing by reducing the longitudinal momentum dispersion
of the beam [14], but also improves the experimental lu-
minosity obviously by enhancing the overlap factor of the
beam and target.
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Fig. 6. (color online) The counting rates of PMT
normalized by beam current under different cooler
conditions. The open circles represent the test re-
sults while electron-cooler was kept on during the
whole cycle. The open squares represents the re-
sult while electron-cooler was turned off after the
beam was cooled down.

3.2 Results of luminosity

Figure 7(a) shows the number of Xe®* ions ni,, in
CSRe for successive cycles. Within each cycle the ion
number decreases with time due to beam losses from in-
teractions with the internal target and electron beam in
the electron-cooler mainly by the radiative electron re-
combination (REC) process [14]. This is unlike the case
of the proton beam where the REC process is almost im-
possible. In addition, the initial beam current also varies
from cycle to cycle, so the mean number of ions has to
be determined for each cycle. Figure 7(b) illustrates the
counting rate of PMT nhoton as a reference for the rela-
tive luminosity. These counts originate mainly from the
beam-target interactions. The background counting rate
of the PMT without the gas target was typically less than
10 Hz. Since the counting rate of the PMT nppoon also
varies from cycle to cycle, the luminosity has to be de-
termined for each cycle. The ratio of N pnoton/Mion 18 also
shown in Fig. 7(c) for monitoring the effective thickness
of internal target. In most of the cycles the ratios appear
to vary a little. This demonstrates that the effective tar-
get thickness also varies a little during the experiment
run.

As a consequence, the effective target thickness and
mean ion current, hence the luminosity, have to be deter-
mined for each cycle. The counting rate of the PMT can
be used as a relative measure of the luminosity over the
whole experiment run, and was calibrated by beam cur-
rent and effective target thickness which was determined
from the beam energy losses. The values of the lumi-
nosity obtained during the experiment ranged between
3.8 x 10%* and 2.6 x 10?® cm~2s~!. A total integrated
luminosity of 1.15 x 10*° ecm™2 in about 22 hours was
determined. As an independent check on the energy-
loss method, we have measured X-rays produced from
the K-REC process with a known angle differential cross

section [14, 15]. The integrated luminosity here is given
by

do_, 1

L=nx(35) (A2, 5)
where nx is the produced X-ray yield from the K-REC
process, do/d{2 the angular differential cross section, and
AS? the solid angle of the detector. The integrated lu-
minosities of 1.12x 103 and 1.09x 10%° cm ™2 were deter-
mined by two lead-shielded HPGe detectors which were
oriented at 90° and 120° with respect to the beam path,
respectively. The main errors for luminosity measure-
ment with HPGe come from intrinsic efficiencies and
solid angles of detectors. Here intrinsic efficiencies were
calibrated through standard radioactive sources. The er-
rors of solid angles are caused mainly by non-ideal colli-
sions of beam and target. The errors of the two are 3.0%
and 3.4%, respectively, and the total error is estimated
to be about 5%.
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Fig. 7. (color online) (a) The number of Xe®**

ion mion in CSRe, (b) the counting rate of PMT
Nphoton, and (c) the ratio of 7Mphoton/Mion for a
sample of machine cycles. The data shown in (b)
and (c) here represented the relative luminosity
and thickness as a function of time, respectively.

Since the measurement of the beam current with the
DCCT is accurate to 1%—3%, the rate of the revolution-
frequency shift can be accurate to about 2%, and the
counting rate of the PMT is accurate to about 3%, so
the total uncertainty in the determination of the lumi-
nosity via the beam-energy-loss method in our case is
about 5%.
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4 Conclusions

The effective target thickness for nitrogen has been
determined from the energy losses of 197 MeV /u Xe®*+
ion beams in HIRFL-CSRe. A value of (2.21£0.11)x10"?
atoms/cm? for nitrogen was determined at the be-
ginning of the measurement and then decreased to
(9.06+0.45)x 10" atoms/cm?. The measured thicknesses
were compared to the corresponding value estimated by
the pressure difference measurements, which were cali-
brated by the flow rate of atomic beam. Possible sources
of discrepancy arising from the influence of beam-target
overlaps in the ring were analysed. An corresponding
integrated luminosity of (1.150.06) x 10%° cm™2 was
also determined in this way. As an independent check
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