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Abstract: A new non-intercepting beam profile monitor, residual gas Ionization Profile Monitor (IPM),
has been developed and tested at the main Cooling Storage Ring of Heavy Ion Research Facility in Lanzhou
(HIRFL-CSRm). It has been successfully used for studies of electron cooling mechanisms, as well as profile
monitoring under normal-mode operation in HIRFL-CSRm. The IPM measures the distribution of ions
resulting from the residual gas ionization during the beam passage. The gas ions are collected and multiplied
by tandem-type MCPs and a phosphor screen, and eventually captured by a commercial CCD camera outside
the vacuum chamber. Before formally applied in HIRFL-CSRm, the IPM was tested and compared with a
conventional wire scanner profile monitor at Sector Separated Cyclotron Linac (SSC Linac). Both results
show good agreement. Besides, the IPM has higher signal to noise ratio than the wire scanner. It also has
a very high spatial resolution of around 60 wm. This monitor can be used for low vacuum like Linac with
resistance for bias voltage, or for ultra-high vacuum with discrete electrodes for bias voltage where the bake-
out process is essential. Furthermore, a novel and compact design of one IPM with capability of detecting
both horizontal and vertical profile is proposed. This compact- IPM is quite suitable for non-invasive profile
diagnostics at space shortage and high-current Linac.
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1 Introduction

The Cooling Storage Ring of Heavy Ion Re-
search Facility in Lanzhou (HIRFL—CSR)[” is a multi-
functional cooling storage ring system which consists
of a main ring (CSRm), an experimental ring (CSRe),
and a radioactive beam line (RIBLL2) to connect the
two rings. On each ring, an electron cooler is installed
to provide high-quality beams for all sorts of experi-
mental applications. The layout of the whole facility
is shown in Fig. 1 and the Ionization Profile Monitor
(IPM) is marked with a red circle.

Presently most of IPMs in the world® ™ are using
the electron collecting mode with anode-electronics ac-
quiring system by the advantage of fast time response,
while these IPMs usually have a relatively poor spatial
resolution of larger than 1 mm due to the anode size
limitation. Considering the electron-cooled beams in
CSRm with small emittance, an IPM with the ion col-
lecting mode and optics acquiring system is developed.
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Fig. 1 (color online) The Layout of HIRFL, the red
circle and yellow rectangle representing IPM and
electron cooling respectively.
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Although IPM has been studied and used at
foreign laboratories with the advantage of non-
destructive device, it is still not utilized as a regu-
lar profile detector in domestic accelerator facilities.
Therefore, the development of an IPM with the high
spatial resolution for HIRFL-CSRm becomes necessary
and urgent. It can help to study the cooling mecha-
nisms during the cooling process, and beam dynamics
under routine operation as well.

2 Beam experiments of IPM at SSC
Linac

2.1 The wire scanner measurement result in
SSC Linac

As shown in Fig. 1, the Sector Separated Cy-
clotron Linac (SSC Linac) ®] is a new alternative linac
injector for SSC, aiming to improve the injection ef-
ficiency of HIRFL. The IPM was first installed and
tested on the beam diagnostics platform of SSC Linac,
which is shown in Fig. 2. After a 2.5 m long drift with-
out any focusing units, the beam size is large. There-
fore an upstream slit was used to make the beam arrive
at IPM with an acceptable size. A wire scanner in front
of IPM was also applied to cross check the measured
profile results.

Vertical slit  Vertical wire

495 mm §
(O magnet

Fig. 2 (color online) The sketch of beam diagnostics

platform.

Theoretically, the beam size at IPM site can
be deduced by linear extrapolation due to lack of
quadrupole magnet. As for beam energy of 293 keV /u
and low current about 1 A, the space charge effect can
be neglected. Therefore, after the slit the particles al-
most travel linearly with intrinsic transverse emittance.
The approximation of space charge field for a nonuni-
form distribution beam is presented in Eq. (1)[9}:

= 27r€IoBc% (1=e77), e

where I is the beam current, ¢ is the vacuum permit-
tivity, Scis the beam velocity, r represents the distance

from beam centre.

The slit width is 0.2 mm, which can be regarded
as a single point when comparing the 1.4 m drift from
slit to IPM. Fig. 3 is the measured result with the wire
scanner where the rms value is calculated to be 0.68
mm. By linear extrapolation, the theoretical profile
rms value at the IPM should be

(905 +495)

Otheory = 0.68 X ~—— o

=1.92 (mm). (2)
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Fig. 3 (color online) The wire scanner data in SSC

Linac with its double Gaussian fitting result of
Owire=0.68 mm.

As presented in Fig. 3, the profile data have a
small slope at the rising edge, which is caused by the
particles with different energy. Because the buncher
was not installed between Drift Tube Linac (DTL) and
Radio Frequency Quadrupole (RFQ). Inside DTL the
beam spread was too large and some particles out of
the accelerating acceptance was decelerated instead.
This was also confirmed by the energy dispersion mea-

surement.
2.2 The IPM measurement result in SSC
Linac

The experiment setup on SSC Linac is shown in
Fig. 4. Inside the vacuum a set of biased electrodes
with plastic resistances produces an electric field to
accelerate the gas ions to MCP assembly. One of the
profile measurement results by IPM is shown in Fig. 5.

In order to perform a spatial calibration, two tung-
sten wires with a spacing of 17 mm are mounted in par-
allel just behind the P46 screen, which can be clearly
observed as two vertical black lines in Fig. 5. The pixel
difference is measured to be 283 between two wires in
the image. Then the spatial resolution of whole IPM
optics system turns out to be 60.07 um per pixel.

From the raw data of the profile distribution in
Fig. 5, there is an apparent slope in its rising edge.
It shows the same result as the wire scanner in Fig.
3. By double Gaussian fitting, the rms value of IPM
measurement is 1.75 mm, which has a good agreement
with the derived theoretical value of 1.92 mm by the
wire scanner.
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Fig. 4 (color online) IPM components in SSC' Linac

(upper) and electrostatic framework.inside target
chamber (lower).
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Fig. 5 (color online) The original image acquired by

IPM, with a CW beam of O ion at kinetic energy
of 293 keV/u and beam current of 1 pA. Right
side are the raw data (black) and single Gaussian
fit (blue).

3 Beam experiments of IPM on

HIRFL-CSRm

After the successful beam tests in SSC Linac, we
decided to move this IPM to HIRFL-CSRm. How-

ever, HIRFL-CSRm runs under ultra-high vacuum con-
dition of 1 x 10™° Pa, which requires bake-out process
along all beam pipes with a temperature up to 300 °C.
The soldered resistors for bias voltage in SSC Linac
setup, which is commonly used in J-Parc, DESY!O 11
and so on, can not work out anymore. Therefore,
as shown in Fig. 6, the IPM was modified with sep-
arate enameled wires for the voltage supply of bias
electrodes.

Fig. 6

(color online) Enameled wires for each bias
electrode (left) and 18 bias electrodes connected to
9 feedthroughs (right).

The IPM measurement results in CSRm during
electron cooling are shown in Fig. 7. Without electron
cooling, parts of beam are out of MCP range and the
background noises play an important role, while after
electron cooling the vertical profile projection can be
observed clearly by IPM.

By double Gaussian fit with MATLAB code, the
profile rms value of IPM is 0.96 mm. The theoretical
vertical profile size can be deduced to be 0.93 mm by
Eq. (3), since the beam transverse size is determined by
tune shift during electron cooling procedure[12]
profile results show a nice agreement. Furthermore,
the improvement with discrete electrodes for bias volt-
age turns out to be practical and successful.

. Two

2
c— 071- _ NR’r'i 7 (3)
L myBZy3du

where v = 1+ (E/938) and 8 = /1—(1/4%), N =
5.57 %107, Iy, = 161/(2/7), 7 = (Ze)?/AM is the clas-
sical ion radius of Ar'®T | 8, is the beta function of
IPM site, R = 164/(2m) is the radius of the storage
ring, with dv =0.1 and 8, =15 mm in the case, which
eventually gives a theoretical o of 0.93 mm.
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Fig. 7 IPM signals at HIRFL-CSRm with an Ar'®" beam of 6.89 MeV/u and 30 uA. (a) is the acquired image
before electron cooling with bad SNR. (b) is an image with clear profile projection after electron cooling.

4 Novel design with one IPM measur-
ing both transverse profiles

Saving space is always a critical issue for beam
diagnostics in accelerator, especially for Linac. A new
compact design with one IPM detecting both horizon-
tal and vertical profiles is under design. The key com-
ponent of this compact IPM is shown in Fig. 8. The E-
field structure consists of four 180 mmx 180 mm plane
plates, two sets of MCP and phosphor screen with a
size of 20 mmx55 mm, and 16 bias electrodes set to
be 25 mmx180 mm.

Fig. 8

(color online) The electrostatic field structure
design.

4.1 Analysis of horizontal profile measure-
ment

Assuming a vertical profile size of 5 mm, then the
initial position of signal ion can be set at (x, y, 2)=(2.5,
0, 0). In addition, the gap between the lower plane
plate and MCP is set to be 2 mm. As shown in Fig. 9,
the electrostatic field distribution shows a pretty flat
equipotential line. Fig. 10 shows the trajectory simu-
lation result with a deviation of about 0.03 mm in the
horizontal direction, which represents only a small field
nonuniformity ratio of E,/Ey = 0.03%. The simula-
tion results prove a high accuracy in horizontal profile
measurement.

Fig. 9 (color online) The electrostatic field distribution

for horizontal profile measurement.
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Fig. 10 (color online) The trajectory simulation result

for horizontal profile measurement.

4.2 Analysis of vertical profile measurement

The initial coordinate of ion is set to be (z, y,
z)=(0, 2.5, 0), while the distance between the right
plane plate and MCP is now 5 mm. As shown in
Fig. 11, the electrostatic field also shows a homoge-
neous distribution. The Ey/E; can be calculated to
be about 0.11% from Fig. 12, which is a little worse
than horizontal profile simulation due to a larger dis-
tance between plane plate and MCP. Generally, the
simulation results are also good enough to measure
the vertical profile precisely.
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Fig. 11 (color online) The electrostatic field distribution
for vertical profile measurement.
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Fig. 12 (color online) The trajectory simulation result

for vertical profile measurement.

Having the advantage of space saving and high
spatial resolution, this compact IPM surely will be
of great value for profile diagnostics in space short-

5 Conclusions

By two beam experiments, the IPM shows pretty
good sensitivity, accuracy and reliability. The upgrade
with discrete electrodes for bias voltage in CSRm also
turns out to be a successful creativity. Besides the ad-
vantages of high sensitivity under the ultra-high vac-
uum of 1x10~% Pa and high spatial resolution of 60 pm
for small beam size in CSRm, this monitor is also very
suitable for the high-current Linac without the risk of
material melting by the large beam power deposition.

In general, IPM is a practical and reliable instru-
ment for transverse profile measurement. We plan
to install further three.sets of IPM on HIRFL-CSR,
one for horizontal profile measurement on CSRm, and
two for horizontal and vertical profile measurement on
CSRe respectively. Additionally, a compact design of
one [IPM'measuring two transverse beam profiles is also
ongoing, of which the performance is highly expected
in future beam experiments.
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MR ZMNER TR FA A F T EH (CSRm) LRI A T —F R AR R & A TR E (IPM), X538
FERA SN TR S BN A RKAN CSRm YRR A HA XL FA RN LR A TR NI A ERZE . IPMEN
BRIRERRERMKAAEZAWEE 7 (REBFTFRET), AAREREGHET I WEE S EHEE
W (MCP), FEXLEHATETHA, RANGETETHEEAER LR (P46 %) LH#TET- L THE, REESHRR
HEGENETZ A THAZEES CCD MK, AEXMA T CSRm Z 7, IPM R LA 58 3 E je o if
B4 (SSC Linac) L#ATT RmER, A E5ERELAHFTRNBZHATT . IPMENE 5L LE K HwH
I E 4R, HEHEARFHERLMNY 60 um BB & 2 [0 0 . XA IPM RN 25 77 DU R e L e Br st AT
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