P. Muggli, M.J. Hogan, C.E.˚Clayton, S.˚Wang, R.H. Siemann, B.E.˚Blue, S.˚Lee,, R.H.˚Iverson, D.˚Walz, R.˚Assmann, K.A.˚Marsh, F.-J.˚Decker,, C.˚Joshi T.˚Katsouelas, W.B.˚Mori⁄University of Southern California, Los Angeles, CA, USA�⁄University of California at Los Angeles, CA, USACERN, Switzerland

The E-157 plasma issues relevant to a meter long plasma In a 1.4˚m long plasma has the experiment. The the in the plasma is multiple oscillations of the flipping of the tail, stability against the hose instability, emission by the in the plasma. of the 28.5˚GeV at the is the first time. The dynamics of the beam, i.e. the energy loss and gain by in the is strongly by oscillation of the beam tail.Plasmas sustain of than structures. In a plasma, of the is plasma (ppe2/eoe)), 1-3˚THz with plasma in the Recently rest to energies up to 100˚MeV in or by short pulses [1]. In the Plasma (PWFA) a relativistic e- bunch is sent in aplasma. The of the e- pushes the plasma e- the plasma has a , follows the e- bunch, much the same as the a boat. in the of the gain at high (100˚MeV/m to multi-GeV/m).The key issues that must be the viability of the PWFA as a •of long, low atomic plasmas with e- in the •The of of e- the the matching of the to the plasma.•The of the stability of the in the plasma against the e- •The of the longitudinal the particles loosing energy to the of •The of the scaling laws of the that will allow the extension of the •focusing of both The E-157 PWFA at (SLAC) is the to these issues with a of the PWFA wake first A be in Ref. 3 results Finally, a 2˚˚PWFA CHARACTERISTICSThe theory the PWFA ,nbp)sr2sz-a bunch with Nthat the a given gaussian bunch with length z m is [4]:

eEMeVmNmmz/ .[ ][ ] = · �Ł �ł �Ł� �ł�240 10 0 610 2s

This is in a plasma with asuch that .. the of the E-157 given in 1, is in the highly (nb>np, Ez@Ewb=wpmc/e the plasma Cell simulations to experiment. Note that these simulations the theory results. Figure 1 shows longitudinal by with given in I in a plasma cm. The e- of the of the bunch

the plasma to a rc@2(nb/np)sr. The plasma ions partially bunch the bunch is In nbp-out" The focusing of the ion columnof 4 5 0 0 ˚ T / m the of F i g . ˚ 2 . With this focusing the - is than plasma, the bunch oscillation within the plasma length. The by the bunch on the plasma results in a of 100 MV/m, is bythe e- in the core of the bunch. The plasma e- rush onaxis an of of MV/m. 1 . 4 ˚ m the by the in the tail of the bunch is 275 MeV.gain by 8of the of 4 0 0 ˚ M e V . The is -E, g28.5˚GeV, 55773of -N, y, z0.7˚mm, 2.3˚ps5Æ10-5 m rad-5 m rad

05000510

E r

(MV/m)

E z

(MV/m)tz (ps)

Tail

Figure˚1: Transverse (Er, thin line, left hand side scale)and longitudinal (Ez, thick line, right hand side scale)wake fields excited by the beam (shown by the doted line)with parameters given in Table˚1 in a plasma withnp=1.5Æ1014˚cm-3.3˚˚EXPERIMENTAL SET-UPThe E-157 experimental set-up (Fig.˚2) is only brieflydescribed here, a more detailed description can be found inRef.˚3. A lithium (Li) vapor with neutral density no inthe 2-4Æ1015˚atoms/cm3 is generated in a heat pipe oven[5] The Li column is about 1.4˚m long and has adiameter of about 3˚cm, and is confined in the oven by aHe buffer gas. Lithium is chosen because of it has a lowionization potential (5.4˚eV), and because it has a lowatomic number (Z=3) which minimizes the beamscattering and the amount of Li impact ionization by the28.5˚GeV e- beam. An ultra-violet (uv) laser pulse at 193nm (6.45 eV per photon) ionizes the vapor with amaximum fluence of @100˚mJ/cm2 over a 3x3˚mm2cross section. The laser pulse is coupled into, and out ofthe Li column by reflection off thin SiO2 coated pellicleslocated about 50˚cm on either end of the column. Thelaser beam is aligned onto the spot where the e- beamtraverses the pellicles, thereby aligning the plasma ontothe e- beam. The uv energy incident upon, and emergingfrom the Li vapor is monitored by calibrated energymeters, and yield the plasma density on a single shotbasis.

5001000

s x

(�m)Incident UV Energy (a.u.) � np

Figure˚3: Beam spot size measured at the downstreamOTR location as a function of the relative uv laser pulseenergy. The plasma density is proportional to the uvenergy.

001000

Beam Centroid Position (mm)Incident UV Energy (a.u.) � np

Figure˚4: Beam centroid position measured by a beamposition monitor located @2.5˚m downstream from theplasma exit. This data was acquired at the same time asthe beam spot size data shown on Fig.˚3.4.3˚˚Hose InstabilityAn e- bunch propagating in a long plasma is subject tothe hose instability [8]. This instability can disrupt the e-bunch, and severely limit the amount of energy the e- cangain in the PWFA. Studying the motion of the bunchtail, used as a seed or probe for the hose instability,shows that no instability is observed over the parameterrange of the E-157 experiment. A similar conclusion isobtained from 3-D PIC simulations with the E-157parameters [9]. These results disagree with the linear theory for the instability in the short bunch limit, of 3 the 1.5˚m 4.4˚˚Synchrotron RadiationThe e- emit in the along their The plasma acts on the -as a simple wiggler be to radiation in the visible to Channel [10]). The spontaneous is using line. The photons their by a thin Si in the orientation. The of the signal varies with the square of the plasma density, 4.5˚˚Beam SteeringThe plasma is long has a The the ionizing laser pulse (i.e., the the be the e- is a of its of light at a of follows a Snell’s law. the time in this experiment.4.6˚˚Energy Loss and GainTime from in the after the FFTB dipole dump magnet. For the analysis the image is cut in time slices of 1˚ps (the temporal resolution) the of slice is A sample of this analysis events is shown in Figure˚5. In this example, the the lost an of 30˚MeV while the in the last tail slice gained an average of 120˚MeV.at the plasma is in Figure˚6. This shows the same loss gain in the centroids (Fig.˚6), also shows particles, single events on the image, to the twostreaks. Without an imaging results are sensitive to the of the bunch tail focusing of the on the Thus, a of in the plasma is a of the

-100- 5 0 050100150- 8 - 6 - 4 - 2 02468

Slice Energy (MeV)Slice Time (ps)H e a d Tail

Figure˚5: Result of the slice analysis showing theaverage energy of 1˚ps slices obtained from 23 individualimages. The core (»-2˚ps) of the beam looses energy,where as the slices in the tail gain energy (see Fig.˚2).

70 ps tt_{Figure˚6: Streak image showing the as a function of time on the left the spot size in the x as a function time (xon the left the the 2 streaks. This image was the slice analysis shown on Fig.˚5.5˚˚SUMMARY AND CONCLUSIONSThe E-157 is the first attempt to issues to a long plasma A 1.4 plasma with a in the The of the e- in the long plasma has focusing, oscillations, tail flipping, hose instability). The emission of x-ray radiation by the -in the plasma ion has the e- by the tenuous plasma at the The of the gain by}

bunch trailing e- is more than critically on the of the the PWFA. the matching the to the plasma the use of imaging of the beams in experiments. The same be with a positron to the of The is by Dr. P.˚Tsou D.˚Gordon et ., Phys. Rev. Lett. 2133R.˚Assmann et ., Nucl. Inst. Meth. Phys. Res. A410 396 (1998).M.˚Hogan et al., Phys. of Plasmas 7 2241 (2000).S.˚Lee et al., Phys. Rev. E 61 7014 (2000).C.R.˚Vidal J. Cooper, J. Appl. Phys. 3370 (1960), P.˚Muggli et , Trans. Sci. 27(3) 791 (1999).C.E.˚Clayton et , to be submitted to Phys. B.E.˚Blue et al., to be submitted to Phys. Rev. Lett.D.H.˚Whittum et Phys. Rev. Lett. 67 991(1991), A. D. H. Whittum, Plasmas 7 3431 (2000).E.S.˚Dodd et al., to be submitted to Phys. Rev. Lett.D.H.˚Whittum et Phys. Rev. Lett. 64 2511S.˚Wang et al., to be submitted to Phys. Rev. Lett.P.˚Muggli et ., submitted to M.˚Hogan et al., to be submitted to Science.