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A NON-INVASIVE SINGLE-BUNCH MATCHING AND EMITTANCE
MONITOR FOR THE CERN PSBASED ON QUADRUPOLE PICK-UPS
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Abstract . : .
Table 1: Optical parameters at pick-up locations
On-line monitoring of beam quality for high brightness| Name Bz By D, Apg | Apy
beams is only possible using non-invasive instruments. FOrQPU 03| 22.0m| 12.5m| 3.04 m
matching measurements, very few such instruments are-QF,U 04| 126 m| 21.9m | 2.30m
available. Therefore, a new type of quadrupole pick-up, ' ' '
séeé\;:::vs Sto Afhrﬁet;zirrgr\x;ﬂ] s Z?Sn?iias?;\iflogfe SNLO;JEﬁed turns. It is therefore possible to subtract the beam po-
ick-ups h;’:lS beeninstalled in)':he acceleratorgUsin the ir?—Ition contribution from the measured quadrupole moment,
b P . . N 9N retain only the beam-size related part. Throughout the
formation from these pick-ups, it is possible to determine : . L
L N fest of this paper, when referring tq it will be assumed
not only the injection matching in the two planes, but als his “artificial ina’ has b ¢ q h
the emittances. Both measurements use the periodicity i}at this artificia centrm_g as been pertormed. Such a
. L L Qbrrected measurement is shown in Fig. 1.
the circular machine to eliminate a number of systematic
error sources, while the statistical error is reduced by using ‘ ‘ QPU03

data from several turns. The analysis can be done on eac QPUO4 1

bunch separately. This is required because of the PS fiIIingE 45 1
scheme, where each injected bunch comes from a differengg 40 [\W\WW\MAWW\/JWWWWW
Booster ring, and therefore can have different properties.2 35 1

After an overview of the measurement system, some of theg 3o |
first measurement results are presented along with a discusg 25 L

0.365| 0.368

sion on the measurement error. S 50
§ 15
1 INTRODUCTION AND BACKGROUND AT
A quadrupole pick-up is a non-invasive device that mea- 0 5‘0 160 150 200
sures the quadrupole moment Machine revolutions
_ 2 2 =2 =2 . .
K=0y =0y 2" =" (1) Figure 1: Quadrupole moment measured with the PS

pick-ups immediately after injection. Note the fast fila-
th b di . in thandy direct hil mentation (i.e. damping) of beam size oscillations due to
€r.m.s. béam dimensions In thandy directions, while space charge. The constant value after filamentation indi-

Z andy denote the beam po_smon. ) cates that the correction for beam position works well.
The use of quadrupole pick-ups for emittance measure-

ments was pioneered at SLACJ[1], where six pick-ups along

of the transverse beam distribution. Hewg, ando, are

the linac were used, and the emittance and Twiss param-
eters were obtained by solving a matrix equation derived 2 SIGNAL COMPONENTS
from the known transfer matrices between piCk-UpS. The quadrupole moment of a beam can be expanded in

In rings, beam size oscillations due to injection misterms of the optical parameters as
match produce sidebands to the revolution frequency har-
monics at twice the betatron frequengye, (n + 2q5,..)- k=03 — 0, =¢csfe —eyBy +0.Di— 02D, (2)
The use of quadrupole pick-ups in rings has largely focused
on determining the phase and amplitude of these frequenegsuming linear optics with no coupling between planes.
components in the raw pick-up signal[2]. If the beam is initially mismatched in terms of Twiss func-
This paper develops the idea behind the SLAC methotions or dispersion, the value efwill vary with the number
for use in rings. The quadrupole pick-ups used for thi®f machine revolutions performed as|[5]
purpose have been specially developed for the PS and op-
timised to measure the quadrupole moment[3]. Two pick- r(n) = By (co + Acs) — By(ey + Aey) + D3 o2
ups have recently been installed in consecutive straight se¢- 3,

T 2 xlht ™ 79c 267 2 x -2
tions (numbers 3 and 4) of the machine[4]. The optical pa- " £20p, COS(2Ven =g, )+ Be00D, cos(2ven —=26p.)

rameters at the pick-up locations are given in Table 1. —By&y03, cos(2vyn—dg, ) — By050%, cos(2vyn—26p,)
The PS pick-ups measure the evolution of both position + /302D, 6, cos(van — 6p.) (3)
and quadrupole moment of each bunch over several hun- Zp e ¥ le z @
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Here, barred parameters refer to properties of the lattice, The statistical error due to random fluctuations in the
andv,, = 2mq,,. The terms have been ordered so thameasurement of are small (less than 0.5 nfnn.m.s.), and
each line corresponds to one oscillation frequency. Startingan be further reduced by averaging over many consecu-
from the bottom, the fourth line is a signal at the horizontative beam passages. The dominant errors will therefore
betatron frequency, which is due to dispersion matchinghe systematic, coming from offsets in the pick-ups and er-

This mismatch is parametrised by the vector rors in the beta functions, lattice dispersion and momentum
spread. The pick-up offsets are known from measurements
AD, . . .
. === in the laboratory. Furthermore, by comparing the ampli-
D, /T AT 1 A~ AD, tude of position oscillations as measured by the two pick-
BTADQ'; + Q== K .
vV Bz ups the ratiog,, /8., andj3,, /3,, can be determined.

The main uncertainty is thus the absolute value of the

There is no corresponding signal at the vertical betatroBeta function, as for any other measurement of stable-beam

frequency due to the absence of vertical lattice dispersion mittance (e.g. with a wire-scanner). The accuracy can

The middie lines of Eq.(3) are signal components herefore be expected to be comparable to these methods.

twice the horizontal and vertical betatron frequencies, = oo measurement using the pick-up system is

They arise f“’”.‘ both d.ISpeI’SIOI’l arld betatron mlsmamhs'hown in Fig. 2, and compares well with wire-scanner re-
The betatron mismatch is parametrised by

+ ol —
2 P2 There is a good agreement. The error bar is the standard

where, again, the last approximation is valid for small bedeviation for 10 measurements.

tatron mismatch.
There is also an emittance increase due to mis-steering
at injection that is not included here, since normally beam 4 MATCHING MEASUREMENT
sizg ospillations filamgnt much faster than beam posit.ion At injection, the quadrupole moment of the beam is not
oscillations due to the incoherent space charge tune Sh'ﬁconstant if the beam is mismatched. To determine the pa-
rameters of the injected beam, the SLAC method can be
3 EMITTANCE MEASUREMENT directly applied if the quadrupole moment is measured on
a single-pass basis.
An advantage in a ring, with respect to a linac, is that
each pick-up can be used several times on the same bunch,

sults.
Be _ Bwﬁ%grmx% ABy 0
5. — | P= _ ~ Ba 25+ 1 07r¢ ]
0p, = G B = o Ba T\ a B8 A
i ’ 0.6 | ]
® F 2r . ¢ ¢

S _ = P 05t :

where the last approximation is valid for small mismatch. 5 15l |
The first line of Eqg. (3) contains the constant terms,E)I 0.4r ]
which correspond to the steady state that is reached wheg 03l |

the oscillating components have damped away. The steadg 1 | il
state (filamented) emittance is given by 5 0.2 1

051 QPUs~—e— o1l
1,- _ _ WS H54 —e— : QPUs —e—
ee + Acy = 03 (BaVe + Vale — 20204 + o | WS Hea —— o L WSVE5 o
2 (ADx)Q + (BxAD; + @xADx)Q B Horizontal Vertical
: _ ~
P Figure 2: Filamented emittance of a proton beam measured
2 2
085 20D (6) with quadrupole pick-ups (QPU) and wire-scanner (WS).

NeEpteg

If the circulating beam is stable, the two pick-up signal
are the same each turn and given by

K1 = €xfa1 — €01 + D?, Ug S that six separate pick-ups are npt necessary (at Ie_ast two
B - - 5252 7 pick-ups are however needed to disentangle the horizontal
ko = €afoz—€fy2+ Doy () and vertical contributions). This reduces both the cost and

If the momentum spread is known, the system of equationth systematic error sources. In a ring, the matrix equation
can be solved for the emittances. since to be solved is a function of only a few parameters, namely

the Twiss parameters at the pick-ups, the machine tunes,
Bz1 , Boo and the pick-up phase separations. The tunes and the pick-
By ) ByQ (8) up phase separations can be determined experimentally by

measuring phase differences and frequency of beam posi-
Thus, measuring the emittance of a stable circulating beation oscillations in the two planes. Similarly, as pointed out
with quadrupole pick-ups is rather straightforward. previously, in each plane the ratio of beta functions at the
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two pick-ups can be determined. for tunes close to 0.25, and fgg, = ¢, = 0.25 the method
However, space charge effects detune the beam width gdoes not work at all (which is not a great problem since
cillation frequencies. The tunes, as measured from positidhere are beam dynamics reasons for avoiding these tunes).
oscillations, therefore only approximatively describe beam An example is shown in Fig. 3. Comparative measure-
width oscillations. To account for this effect, instead ofments have been done using a turn-by-turn SEM grid[6],
solving a system of equations derived for a fixed tune, th&/hich is destructive and can only be used in rare dedi-
expression in Eq. (3) is fitted to the measured data, withated machine development sessions. The results so far
a variable tune (the phase advances between pick-ups &@ve been encouraging, but is has not yet been possible to
insensitive to space charge effects since they are so clos@ake a quantitative comparison.
In such a fit, it is also straightforward to include the ef-
fect of dispersion mismatch, something that was not treated 5 POSSIBLE EXTENSIONS

inthe or|g|.nal SLAC.: method. . . . In the PS, there are only two sets of locations (even and
The horlgont_al 'dlspersmn mismatch is determined frorTE')dd straight section) with significantly different optical pa-

the oscillation it induces at the betatron frequency. DU, meters. This is why only two pick-ups were installed.

to the absence of vertical lattice dispersion, it is not poSy, another machine a third pick-up, suitably located, would

sible to separate betatron and dispersion mismatch in tr(]—.\‘?lable independent measurement of the momentum spread,
vertical plane, but a large vertical dispersion mismatch iﬁ adding a third line to Eq. (7)

not expected. Note that the beam size oscillations due t3/ his would be possible for example in the SPS, by in-

dispersion mismatch are also detuned by space charge, aq lling two pick-ups in a dispersion-free straight section

therefore the effect of dlsper5|0_n can not, in general, b ne at large horizontal beta, and one at large vertical beta)
measured separately (by changing the energy of the be d one pick-up in an arc, where the dispersion is large.
and measuring the coherent response) and subtracted from

the beam size. . | 6 CONCLUSIONS
The new free parameters (tunes and dispersion) require

more data points, bringing the total necessary to ten (five A system for non-invasive measurement of emittance
machine turns with two pick-ups). Some more pointsand matching has been installed in the PS. The initial expe-
should be used in the fit to control and quantify the errience with this system is good, and comparison with other
ror, but using too many machine turns would deterioraténstruments has given encouraging results. Further tests on
the result, since the signal is damped. Fortunately, due teeams with varying characteristics will be performed. The
the physics of the filamentation process, the decay is noext step is to attempt to correct the measured mismatches,
exponential, but rather follows a Gaussian-like curve. Thevith the ultimate aim of making the system an operational
oscillation amplitude is therefore almost unchanged by th#ol, linked to the existing automatic beam correction sys-

filamentation process over the first couple of turns. tem for betatron and dispersion matching([7].
As in the previous case, random errors are suppressed by
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