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Abstract

First results from Ferm | ab Experinent 853 are
present ed. E853 is an experinent to test the
feasibility and efficiency of extracting a lowintensity
beam fromthe hal o of the Tevatron using channeling in a

bent silicon crystal. The notivation of the experinent
is to apply crystal extraction to trans-TeV accelerators
li ke the LHC. Ext ensive sinulation work has been

carried out. Two accel erator operating nodes have been
devel oped for crystal studies, “kick” node and diffusion
node. Results fromthe first successful extraction in
ki ck node are presented.

1.1 ntroduction

Protons have already been extracted with bent crystals from
the circulating beans at Dubna, Serpukhov, and the SPS at CERN
Experiment 853 extends these experinents by seeking to obtain
significant parasitically extracted beam at 900 GeV in a

super conducting accelerator. Wth 1012 protons circulating, the

goal s of E853 are to extract 10° protons/s and show that: 1) the
lumnosity lifetime is not seriously shortened; 2) the crystal can
be aligned to the beam qui ckly; 3) no intol erabl e backgrounds are
created at the collider experinents; 4) diffusion created by sone
kind of perturbation creates halo with an adequate step size, or
junp, to clear the edge region of the crystal (called the
"septuni), where it would be bent by only part of the total bend
angl e of the crystal.

E853 is also investigating the relative contributions of
first-turn extraction and “nulti-pass” extraction, the latter
resulting fromparticles which encounter the crystal on the first
turn but are not channeled, and then return to be channel ed on
sonme successive turn. The mpjor goal of the experinment is to
nmeasure the extraction efficiency in the diffusion node.

The original notivation for this experinent was to test a

proposal that a beam of 108 protons/sec be extracted fromthe SSC
for a fixed target B-physics experinment. The new equi pnent for
this experinment was funded by the SSC. Despite the deni se of the
SSC, the experinent remains of interest as a step towards possible
applications at both LHC and Ferm | ab.

2. Beanline

E853 is taking place in the CO straight section of the
Tevatron, the nornmal |ocation of the proton abort |line. The abort
line consists of a magnetic dogleg that provides a 4 nrad
hori zontal kick so the abort line can clear the magnets at the
downstream end of the long straight section. The nmiddle bend in



t he dogl eg consists of a series of Lanbertson magnets. A series
of four vertical kicker magnets are used to abort the beam into
the field-free region of the Lanbertsons. During collider runs,
the abort line is not used at 900 CGeV, so one of the Kkicker
magnets was replaced by a bent crystal.

A sketch of the beamine geonetry of the Tevatron Col lider
crystal extraction systemis shown in Fig. 1. Protons in the halo
of the beamdistribution which intercept the bent crystal with the
correct angle are deflected by 640 urad upward into the field-free

hole in the Lanbertsons (see inset, Fig. 1). Protons in the field

free region travel straight into the Tevatron abort |ine toward
t he extracted beam detectors.

The crystal is nounted at the upstreamend of a 1 m beam pi pe
whi ch ends with articulating bellows. Two precision notors (X,Y)
at each end of the pipe allow for the alignment of the crysta
with four degrees of freedom The nost critical parameter is the
alignment of the vertical angle of the crystal with the beam
angl e, which nust be done to within 10 urad to match the critical

angle of the crystal with the beam angle. Therefore, notors were
sel ected such that the |l east step in angle changes was 2.5 urad.

Fig. 2 shows the core of the beam with respect to the
crystal. Schematically, beamis “punped” from the outer edge of
the core of the beaminto the horizontal halo by sone nechani sm
where it eventually intercepts the crystal on sone turn follow ng
t he appropriate nunber of betatron oscillations. W have pl anned
two nethods of punping the outer edge of the beam onto the
crystal. In the first nethod, called “kick node”, a single proton
bunch is given a single angular kick which gives a maxinmm
deflection of 0.5 mm at the crystal. In “diffusion node”, in
which we will operate parasitically with p-p collider physics
experiments, the principal source of punping is expected to be
elastic p-p collisions at the two collision points. To date, we

have used only the kick node.

3. Instrumentation

In the extracted particle line (see Fig. 1), there are two
air gaps separated by 40 min which there are six scintillators
and four silicon strip planes to count the extracted beam and
measure its trajectory precisely (in order to prove that it is
channel ed beam not just scattered background). These detectors
are renoved fromthe beamine renotely when they are not in use.

Anot her scintillator is placed near the crystal outside the
circul ating beam vacuum tube at 90°. It is referred to as the
“interaction counter”, for it nmonitors inelastic nuclear
collisions in the crystal, and its signal is proportional to the
beam i nci dent on the crystal.



fluorescent flag in the first air gap. The canera signal i
digitized and stored by a conputer as well as broadcast in
realtime over the Fermlab video distribution system A standard
Tevatron segnmented wire ionization chanber (SWC) also nonitors

the x and y distribution in the second air gap.

The beam is also nonitored with a CCD canera imging a
s

4. Crystal and bender

We use the (111) planes of a silicon nono-crystal of
di mensi ons 40mm x 3mm x 10mm  The half angle for channeling at
900 GeV is 5 urad conpared to a vertical divergence of the

unperturbed beam in the accelerator at the crystal of o = 11.5
urad. Details about the crystal quality and characterization
measurenent are given in Ref. [1], which also contains further
detai |l s about the experinental setup not repeated here.

An inmportant quality of the crystal is the flatness of the
edge facing the circulating beam (see Fig. 2), for particles
intercepting this surface with small inpact paranmeters will be
bent upward by only part of the total bend angle if they |eave the
crystal after a partial bend because of the non-flatness of this
surface. Interferonetric studies of this surface indicate that it
is flat to within 0.3 um This flatness is fully adequate for

kick mode, in which the “step size” into the crystal is
di stributed between zero and 500 um In diffusion node, in which
initial step sizes of fractions of a mcron are expected, the
rel evant conparison is with the increase in the betatron anplitude
of a particle which has been nmultiple scattered by, for exanple,
10% of the length of the crystal. This increase in anplitude is
di stri buted between zero and roughly 10 um |arge conpared to the

0.3 umfl atness.

The bending jig is a four-point bender, adjusted by a spring-
| oaded screw. The bend angle was set by adjusting the screw while
nmeasuring the bend angle using conventional optical techniques.
The angle of reflection of light reflected fromthe two flat ends
of the crystal which extend beyond the bending jig was neasured,
the difference is the bend angle. This technique was accurate to
about 30 purad. A subsequent neasurenent of the bend angle by an

interferonmetric technique gave a bend angle of 642 + 5 purad.

The radius of curvature of the central region of the crystal
is 3125 cm so that PPRis 0.3 GeVcm Using the standard pl ot of
centripetal dechanneling loss vs. P/R [2], we expect a bending
dechanneling | oss of 12%



5. Extraction Observations in Kick Mdde

During the four-hour run in which we first observed
extraction, the Tevatron operated at 900 Gev with six equally
spaced bunches of protons (there were no antiprotons), each with
an initial intensity 1011, The normalized enittanace (10) of the
circulating proton beamwas 3.33 WP nmmnrad. This results in a
beam at the crystal with ox = 0.6 m oy = 0.32 Mm ox = 6.2
urad, and oy = 11.5 prad, where x and y refer to horizontal and
vertical, respectively. The horizontal and vertical tunes of the
machi ne were 20.585 and 20.574, respectively.

In kick node, we give one of the six proton bunches an
angul ar kick using a Tevatron injection kicker with a pulse | ength
of 3 usec (1/6 of a turn). This kick gives a maxi num defl ecti on

of 0.5 mmat the crystal. The purpose of this nbde is to nove a
fraction of the beam deep into the crystal, well past the
(possibly msaligned) inperfect edge of the crystal facing the
beam In this node, there should be substantial channeling on the
first turn in which the kicked beam encounters the crystal.

Because of the accel erator phase advance between the kicker
magnet and the crystal, on the first turn follow ng the kick, the
beam has noved away fromthe crystal (as illustracted in Fig. 3).
On turn 2, and again on turn 7, the beamis at naxi nrum anplitude
towards the crystal. To first order, we expect to see sizeable
extraction on turn 2, and extraction on later turns only to the
extent that beam that was not channeled in turn 2, but nultiple
scattered to a different vertical angle, returns to encounter the
crystal with the correct angle.

In our first successful observation of crystal-extracted
beam the crystal edge was placed 4.5 mmfromthe beam centerline,
equi valent to 8 standard devi ati ons of the unperturbed horizont al
beam si ze. The beam density is so rare at this distance that no
beam was observed to interact with the crystal on the first few
ki cks. However, after a few hundred turns follow ng each kick
the beam had grown, as nonlinearities in the machine gradually
spread the beamto fill nost of the phase space mapped out by the
betatron oscillation shown in Fig. 3. After about 12 kicks, the
beam had grown by a factor of 3 in the horizontal plane (and a
factor 2.5 in the vertical plane, owing to the strong
vertical/horizontal coupling in the Tevatron), in both size and
di vergence. Thereafter, an equilibrium state persisted in which
the crystal edge defined the beam size, and about 2.4 x 10°
protons/kick (~3% of the total bunch intensity) were lost fromthe
machi ne on each ki ck

In this equilibrium state situation, the vertical angle of
the crystal was varied in 10 urad steps to try to bring the
crystal planes into alignment with the beam angle. The pulse
hei ghts of various counters in the tw air gaps, whose voltages
had been decreased several hundred volts so that they were



operating in a “calorineter node”, were recorded during a 100 nsec
gate matching the second turn of the selected bunch. A plot of
pul se height of a counter in air gap 2 vs. crystal angle is shown
in Fig. 4. A clear peak with a width (o) of 35 urad is seen.
This width should be a convolution of the half angle for
channeling (5 urad) and the beam angul ar divergence (29 urad
after the growth noted above). The agreenent is good.

A picture of the CCD canera imge of the fluorescent screen

at the peak of the above distributionis showmn in Fig. 5. 1In the
central bright spot, the CCDis heavily saturated, so the apparent
beam size is nmuch bigger than the true beam o. The nost
interesting feature of this inmage is the narrow “conet tail”
descendi ng downward from the central spot. This corresponds to
protons which were not bent through the full 640 urad of the ful

crystal. This tail could be the result of some conbination of

several effects. Particles which enter the crystal with a smal

i npact paraneter can exit the face of the crystal facing the beam
(nentioned above) either because their horizontal angles are
directed toward that face or because they are within the “septum
wi dth” (irregular region) of that face. Centrifugal dechanneling

can occur anywhere in the bent part of the crystal, and
dechanneling resulting from the nultiple scattering can occur
anywhere in the crystal. In fact, the tail extends further

downward, but it is cut off by the V-shaped aperture of the field-
free hole in the Lanbertsons (see Fig. 1). At this time we do not
have a quantitative nodel of the tail.

The CCD camera is not saturated in the tail, so its width
represents the true horizontal width of the channel ed beam W
were able to neasure both the horizontal and vertical w dths of
t he beam by using CCD canera i nages taken low in the shoul ders of
the curve of Fig. 4, where the CCD canera was not saturated. W
found ox = 1.3 mMmmand gy = 0.5 mMm to be conpared with val ues of
1.5 and 0.35 nmm respectively, expected from beam optics. The
agreenment is quite good, considering the coarseness of the
projections of the CCD canera i nage on the two axes.

6. Muilti-pass extraction

It was nentioned above that contributions to extraction would
be observed on turns followng turn 2, resulting fromnultiple
scattering of beamnot channeled in turn 2. Fig. 6 shows what we
actually observed on later turns follow ng one particul ar kick.
There are ~10% fluctuations fromkick to kick. In Fig. 6 we also
conpare the observations with an elementary Mnte Carlo
simul ation

Qur elenentary Monte Carlo sinulation [3] takes into account
the followng effects. An ensenble of particles with Gaussian
distributions of positions and angles consistent with the neasured
rms’s is generated and given a kick. On the second turn, protons



in the outer 0.5 mm encounter the crystal. Those protons within
the critical angle are counted as channel ed. The protons outside
the critical angle are given a multiple scattering angle change in
accordance with a Gaussian distribution with a width of the rns
multiple scattering angle for a particle remaining inside the
crystal for the full crystal length (11 urad). This scattering can

be seen in the upper right hand box of Fig. 7. These multiple
scattered protons are assuned to remain within the aperture of the
Tevatron, for the rns scattering angle is within the acceptance of
the Tevatron. They are propagated through another turn using the
linear transfer functions for the Tevatron and tested again for
acceptance within the critical angle. The process is repeated for
particles not wwthin the critical angle. Any proton incident on
the crystal is given a 9% chance on each turn to have an
inelastic nuclear interaction in the crystal and is considered
| ost on some aperture.

The qualitative agreenent between the observations and the
simulation on the first 7 turns is thus understood. The m nor
peaks at turn 4 and 5 are the result of the tail of the protons
mul tiple scattered on turn 2 arriving at the crystal with an angle
within the critical angle, even though the unscattered beamis not
close to the crystal. On turn 7, the beam again conmes very cl ose
to the crystal (see Fig. 3) so that all of the protons nmultiple
scattered on turn 2 encounter the crystal again, leading to a
| arge anmount of extraction.

There is qualitative, but not quantitative, agreenent between
the predictions and observations in Fig. 6, in tw senses. First,
nost of the turns predicted to have only a snmall extraction rate
(11, 16, 22,23) are observed to have a factor two or nore of the
predicted rate. Second, at ~20 turns the sinulation indicates
that the maxi mum extraction rate should be ~50% of that of turn 2,
while the data shows extraction on turns with large extraction

rates still equal to that on turn 2. The difference is even nore
pronounced after ~80 turns (not shown), when the observed
extraction rate is still ~50% of turn 2, but the sinmulation rate

iIs ~2% These disagreenments are not surprising, given the
sinplistic nature of the simulation.

It is possible that the continuing |large extraction rate
after 20 turns is a result of non-linearities (not included in the
simulation) and fluctuations in the orbit at the mcron |evel.
Ferm |l ab has not investigated fluctuations at that |evel. O her
effects not included in the simulation are dechanneling effects,
the possibility that a particle incident on the crystal |eaves the
crystal through the face which faces the beam and the vertical-
hori zonal coupli ng.



7. Long-term effects

The CCD camera was vi deotaped continuously during the study
session. At the peak of the angular scan the bright flash on the
screen (see Fig. 5) persisted for ~30 nsec. Follow ng that, there
wer e occasi onal weak flashes on the screen occuring at randomtinme
intervals and at the sanme spatial position as the major portion of
the extracted beam These weak extractions occured as late as 20
secs after the beam had been kicked. The cause for beam to be
noved onto the crystal so long after the kick is not understood.

Al t hough we know how nuch beam was | ost from the Tevatron
foll owi ng each kick (2.4 x 109 protons), we do not yet know what
fraction of that nunber was channel ed and extracted. St andard
intensity nmonitors, such as toroids, do not work well in this
range, and it has not yet been possible to calibrate either the
counter pulse heights nor the CCD inmges. Further efforts to
measure this nunber will be nmade in the fall of 1995.

8. Inpact on collider experinents

At a very early stage of this experinent, we used RF noise to
drive beamonto a straight crystal at 10 tinmes the rate which we
intended to use for extraction. The proton loss rate at one of
the collider experinents (CDF) was observed to be slightly bel ow
the threshold which this experinment regards as unacceptable
background [4]. This observation will be reconfirnmed when we run
in diffusion node later in 1995 (see bel ow).

9. Future goals

When we resune study sessions in the fall of 1995 we plan to
measure the extraction efficiency in kick node. W will align the
surface of the crystal facing the beamto the horizontal angle of
the beam by minimzing the intensity of the “conet tail” as the
hori zontal angle is varied.

The nost inportant studies relevant to future applications
are in diffusion node, i.e., continuous extraction. First we wll
measure the extraction rate and extraction efficiency wth
what ever natural diffusion exists in a proton-only fill of the
Tevatron, when there is no halo being generated by anti proton-
proton collisions. The sanme neasurenents will be nade during
col I'i si ons.

However, the biggest challenge of this technique is that
there is inadequate halo at the Tevatron, under either of the
above operating conditions, to obtain extracted intensities high
enough to be interesting for experinments. Therefore, hal o nust be
generated by perturbations of either the transverse or



| ongi tudi nal phase space, and in a manner which does not
appreci ably decrease the lumnosity for the collider experinents.

Early sinulation work on perturbations used RF anplitude
noi se generated in a band width below the synchrotron
frequency [5-6]. The RF noise, which increases the nonentum
spread near the edge of the |ongitudinal phase space, converts to
a spatial growth if the crystal is placed at a position of high
di spersion. This technique has the attraction that it does not
di sturb the core of the phase space, thus having mninmal inpact on
the lumnosity for collisions. At the SSC, the preferred | ocation
for the crystal had a quite |arge dispersion. However, at the
Tevatron, the only feasible location for the crystal has a
di spersion which is too snmall for this technique to be effective.
Therefore, we will perturb the transverse phase space w th noise
on a horizontal danper, as has been done at the CERN SPS [7].
This will punp beaminto the halo, but it will be depleting the
core as well as the edge of phase space.

In this configuration, we wll neasure the extraction
efficiency and rate as a function of a nunber of variables: the
noi se anplitude, the horizontal angle of the crystal, the distance
of the crystal fromthe beam and naybe even the crystal |ength.
We define the efficiency to be the ratio of the nunber of protons
extracted into the abort line to the total nunber |ost fromthe
machine. At the CERN SPS, this efficiency has been neasured to be
~10% at 120 GeV [7]. The nost detailed sinulation of the Tevatron
experinment by Biryukov [8] predicts an efficiency of about 36%
This sinmulation also predicts that the efficiency could be
inmproved to 70%if the crystal were shortened to 1 cmin |ength.

10. Future applications

While no applications of this technique of extraction are
firmy planned, several are under discussion. It is hoped that
beam m ght be extracted fromthe LHC, where the hal o generated by
the collisions will be | arge enough that creating additional halo
will not be necessary. At Fermlab, there is a possibility of
using the technique to produce a lowintensity test beam at
900 GeV. A suggestion has been made that if the technique could
extract 107 protons/sec, which may be possible after the increased
intensities resulting fromthe Main Injector, this would be an
adequate beam for a charmexperinent wwth ten tines the statistics
of the current world dataf9].



Concl usi ons

Prot ons have been channel ed and extracted from an accel erat or
at an energy of 900 GeV, the highest energy achieved with this
technique. Plans are set to neasure the extraction efficiency in
di ffusion mode, which nmay be as high as 37% according to
si mul ati ons.
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Fi gure captions

Fig. 1. Schematic of the beamline around the Tevatron CO region. The crysta
bends up out of the page into the field-free region of the Lanbertson magnet
chain (see inset).

Fig. 2. View of the circulating beamlooking upstreamat the bent crystal
The ellipse represents the halo of the beam schematically. The crystal is
bent upwards 640 pUrad and is on the outside of the ring. The parallel lines

represent the crystal planes.

Fig. 3. Horizontal beam position and angle on successive turns after a kick

The size of these quantities depends on the magnitude of the kick. Mst of

the extraction occurs on turns when the beamis near the crystal face, as in
turn 2 and 7. The units are arbitrary.

Fig. 4. Pulse height in an air gap 2 counter vs. vertical angle of the
crystal with respect to an arbitrary angle. The dotted line shows the
pedestal in the ADC unit for no kick.

Fig. 5. CCD canera of fluorescent screen in the first air gap. The wi dth of
the tail (see text) is 3 mm

Fig. 6. Extraction rate as a function of the turn number from the conputer
simul ation and fromthe pulse height in a scintillator followi ng a particul ar
kick, renormalized to the sinulation result for turn 2. Pulse heights of |ess
than 30 wunits are indistinguishable from the noise. There are 10%
fluctuations in the relative pulse heights from kick to Kkick. Agr eenment
bet ween the observations and the sinulation is good in the early turns, but
extraction persists during later turns |longer than the simulation predicts.

Fig. 7. Horizontal phase space distributions as a function of turn nunber

after a kick The first pass through the crystal nmultiple scatters the protons

whi ch were not within the hal f-angle for channeling (see spread in upper right

corner). These nultiple-scattered protons come back in later turns wth

di fferent angles, and some of themare extracted. The hole in the distribution

results from suppressing the core of the beam which will never intercept the
crystal, fromthe tracking
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