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Abstract.

We discussthe formalismused tostudy theeffectsoftheinteractionsbe-

tween the highlychargedparticlesand thefieldsinthe acceleratingstruc-

ture,includingspacechargeand wake fields.Some ofour calculationsand

numericalsimulationresultsobtainedforthe Brookhaven NationalLabo-

ratory(BNL) high-brightnessphotoelectronbeam at theAcceleratorTest

Facility(ATF) and themeasureddata atATF arealsoincluded.
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I. Introduction

The ei_ects of the interaction between the highly charged particles and the fields in an

accelerating structure are discussed. In Section II, we present an overview of formaJ.ism

used to study the behavior of the field and the dynamics of the highly charged bunch

of particles in presence of an accelerating field, space charge forces (due to self fietd of

the bunch), and the wake field (arising from the interaction of the cavity surface and

the self field of the bunch). Since high-brightness, la.ser-driven radio-frequency (rf) guns,

are potential sources of high-current, low-emittance and short-bunch beams of electrons

for app_cation to new methods of acceleration and FELs in section III we discuss the

calculated results and numerical simulations for the example of the BNL photocathode

gun at ATF. Where To achieve high brightness and rapid acceleration, an ff gun operating

at 2.856 GHz, with 1-1/2 cells, Tr- mode resonant, disc-loaded structure (with cathode

placed at the start of the first 1/2 cell), has been designed [Fig. 6] and operated as the

injector for the two S-band linac sections at the BNL Accelerator Test Facility (ATF). In

section IV, the measured data from the BNL Accelerator Test Facility is also included.

Preliminary data from ATF indicate after illuminating the cathode with a pulse of 0.1

mJ/cm 2 (reached in 10 ps) an "enhanced" emission mode is set, during which *._me(50 ns)

a large amount of charge is generated and accelerated in the gun after which time the gun

energy is depleted. The mechamsm and the damage to the cathode is under investigation

at ATF.

I

A summary and references are given in sections V and VI followed by the Figure

captions in section VII.



II. Formalism

In this section, we present an overview of the formalism used to study the inter-

action of charged particle bunches with the fields inside the accelerating structures.

In that consider the motion of highly charged bunches of electrons in an axisymmet-

rica_ Electromagnetic field. The wave equation can be presented as two uncoupled

TE (E t, fir,, fir=), and TM (Ht, E,., E,) sets of equations given below:

TE-like set:

a2E, 1 03( aE,] E_l I a2E, aJ-'-"-- + r
az2 T_ L Wr) " ='°_"r" c'- ata (13

aaHr a2Hr Hr I a2Hr o3.1",

--"-" + C2 = "-'-oBZ2 O3t..2 1.2 o_t"2 O-JZ

a2Hz a2Hz 1 a2Hz l a(rJ,)
•,-----,._ ..4

,0z- ar2 c: at2 r ar

' TM-like set:

IO2H_.Tz2 +-1 a (r 0H,) H, I o32H_= aJ z a.l"r (2),'gr -'gi-r) r': c2 at: ar az

a:E_ la(aE_] _ 1aaE_ tan aJ_la_-'-T+Tg"Try c c- at_ =7ogi'r+_°TT"

taeEz 1 03( aEzl I. aaEz l 030 o3-1"z[-_-z-'+7gr ,"77) c-' ata =_oaz+U°g"
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5) and functions (@, J_, J:), over a mesh. In that one solve_ simultaneously the

equations for the field propagation and the equation of motion for the particles.

Where the effects of the EM interactions on the beam dynamics properties, such

as emittance, energy spreads, etc., can be obtained it] by knowing the field Ha at

each mesh point. For example, the equation can be integrated with respect to the

standard Runge-Kutta method for a given charge distribution e.g. with

p_(,,,._,z,z_)= _ _,,7 _'_ _ _',/ (6)

The corresponding current densities are:

c q, .ro (r r..._ e_(,__,)_/2,_e(-,_--2.)/2_, ,'7)J,

q_c I1 e-('- -'_ '
:, = nk(2,_)31,<,._.2 \ d )

These guarliatees taute invariance (V. E- p/_= o)_d satisfytl_eco-ti-_ity

equation.

In Eqs. (5-7), @_,@z are the charge and coordinates of the i-th particle,/3±i and

31]i are the radial and axial components of the i-rh particle beta, respectively, and

_roand I1 are the zeroth and first-order modified Bessel functions of the first kind.

(additional formulation is given in [1]).

For clarity, we state the emittance definitions used in our analysis given in the

next section. Normalized transverse emittance (d) = V/$2P_ - (_: P_)2' and rms

transverse emittance - <z'_ -(z _:,2). (For a discussion of emittance includ-

ing higher order-moments, see [3]). The normalized beam brightness is defined as

BN = -rP/87r(ery) 2 where Ip is the peak current.

-9 -



Beam Analysis

In this section we present some of our calculations and simulation results obtained

for initial designed specifications as weil as for those indicated by the preliminary mea-

surements at the BNL Accelerator Test FaciLity (ATF) iii. With the standard design

parameters: laser spot size ¢, - 3 mm, laser pulse width o'. = 2ps (0.6 mm), charge of

1.0 mC, E0 -- 100 MV/m on the cathode in Figures I - VI (with initial phases _0 = 55 °,

qb0= 63°, qb0= 75 °, _0 = 450 respectively), we show the beam energy, transverse emittance

(e_,'r mm mrad), the bunch rms length :in mm], rms radius, longitudinal emittance (e_).

peak current in AI etc. at the gun ex.it. These Figures illustrate the propagation of the

bunch self field produced by the bunch as well as the image charge (i.e. the interaction

between the bunch charge and current with the cathode surface). Wake field effects (i.e the

interaction with the cavity surface) at various points along the cavity are also illustrated,

e.g. see the radial electric field plots. These Figures also illustrate the dependance of the

beam parameters on the initial phase angle, which can be used as a method for controlling

the beam parameters at the gun exit (see Figure 5), e.g. emittance growth.

In Figures VII, with laser spot size o',. = 1.25 mm, laser pulse width 0"5 = 2ps (0.6

mm), charge of 0.9 mC, E0 = 100 MV/m, and initial phase (¢0) = 500 , we obtain the

maximum energy (4.21 MeV) and minimum transverse emittance (e_T = 9.8 n" mm mrad)

at the gun exit (z _- 98 mm). The bunch rms length is 1.077 mm, rms radius is 3.17 mm,

longitudinal emittance (e'_rL)is 4.55 mm mrad and peak current is 188 A. After magnetic

compression, the bunch rms length reduces to 0.967 mm and peak current increases to

212 A. The ranges of the exit parameters for the gun, with respect to changes in the initial

phase _b0, are given in Fig. V'II-(1-2). The behavior of the beam (includirJg rf, space charge

and wake-field effects) are shown in Figs. VI-(3-7), at various points along the cavity. In

Fig. VII-(3-4), the electric components of the bunch self-field are shown, where the change

in the aJdal position of the peak in the radial electric field (dashed lines) with the increase

in radius is due to the wake-field effect.

in Figures VIII-X variations in the standard parameters (noted above) are used as

indicated by the recent measurements at ATF [11, including smaller values of at,. and larger

- :LI -



In Figure XI, we present the results obtained with program PARMELA 41 for imtia_

average a.vdal electric field of 66.6 MV/m, laser pulse length of o's = 2.06 degrees c2Ps),

o', = 3mm radius (design values) with the inclusion of space charge and image charges

on the cathode. And in Figure XII, for the recent measured data with laser pulse length

ct. = 5Ps and ct, = 1.25mm. A Gaussian shape is assumed for the distribution in both the

radial and time dependance of the laser beam.

Earlier PARMELA results (as well as our other calculations) showed that the beam

was too large through the beam line which resulted in a large emittance growth and a large

beam loss. Yhis analysis shows that a change in the 90 o bends can improve the transport

system which results in reduced emittance growth and eliminates the beam loss. The Pole

pieces and perhaps the coils would be changed to provide some vertical focussing of the

beam at the entrance and exit of the magnet. (Alternatively the pole pieces could be

tapered to give a bending magnet with a nonuniform field to provide the required vertical

focussing.)

The existing magnets have a 0° edge angle which means the beam enters and exits the

magnets perpendicular to the magnet. The fringe field of the magnets cause the beam to

bend slightly before the beam actually enters the magnet causing a vertical defocussing

of the beam at the entrance and exit of each magnet. Also the two quad singlets which

focus in the horizontd direction defocus in the vertical direction. In the present transport

system the only verticaJ, focussing elements are the two quad triplets before and after the

bending system. Thus the beam gets too large in the vertical direction in this bending

system even without space charge. Space charge only makes this condition worse. The

modifications to the bending magnets is the addition of an 110 pole face rotation on the

entrance and emts of the 900 bending magnets [4].

In Figs. XI and XII, Parameters were calculated from the cathode (labeled as element

ne = l) through the transport beam line to (element ne -- 27) the linac entrance. For

clarity, r_e = 1,2,3,27 corresponds to "cathode", "1st(I/2) cell", and "2nd(1/2) ce]]" and

linac entrance respectively. Where number of particles are labeled as (hp). The units are

given for length (z) in lcre], emittance in ftr cna- mrad], and energy w in [MEV].

"- 12 -



In Section III, we showed numerical simulation of the e_t beam parameters for !a few l

different pulse lengths, as well as different charges, which illustrates the dependance of the

emittance on the charge and laser pulse length.

The BNL rf-gun started operation in 1990. The peak momentum of 4.6 MeV c. was

obtained with 6.2 SfW of rf power in the gun. Other parameters such as charge of up to

2.0 nC, peak current of 133 A, and emittance of 4 lr mm mrad were also measured 1',

(these measured data came from different runs).

The electron beam (transverse) emittance is measured with profile momtors P.'v[1 and

PM2 (for momentum dispersed beam) or PM3 and PM4 (for momentum recombine beam).

shown in Figure 4. The emittance growth due to the injection system can be seen from

the measurements obtained with PM3 and PM4 monitors. The emittance shown in Figure

XIII are obtained by quadrupole variation method. That is by varying the strength of

the quadrupole that proceeds the profile monitor and by observing the variations in the

corresponding spot size on the same monitor. We need more data (after some of the laser

etc. problems axe resolved), for a comparison with theory and simulation results."

t

We acknowledge and thank members of ATF including K. Batchelor, J. Fisher, P.

Russel and J. X.ie for discussions and providing plots and information on the ATF

preliminaxy data. Special thanks to Dr. J. X.ie for providing inform,.tion and copies of

many papers including those Listed in Ref. 10-14 which we used in our analysis of the

ATF data.
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entrance and e:cit of the magnet. Alternatively the pole pieces could be tapered to give a

bending magnet with a nonuniform field to provide the required vertical focussing.

The ex.isting magnets have a 0° edge angle which means the beam enters and e.'_its the

magnets perpendicular to the magnet. The fringe field of the magnets cause the beam to

bend sfightly before the beam actually enters the magnet causing a vertical defocussing

" of the beam at the entrance and ex.it of each magnet. The modifications to the bending

magnets is the addition of an 11o pole face rotation on the entrance and exits of the 90 °

bending magnets i4].

An alternative is to criminate the transport line completely and piace the gun directly

into the linac. [n that we have studied various schemes. One that seems to be of interest

is to leave the present system as shown in Fig. 4, and add a second entry port (a straight

ahead injection line directly into the linac). E.g. piace the gun (or a second gun, so the

present gun can be used as is) at the location of the 2hd dipole (shown in Fig. 4), with

a solenoid against the gun exit, followed by a quadrupole triplets into the linac [for more

info. e.g. see our subsequent notes on alternate injection system for ATF].

We also presented some preliminary measurements for the BNL laser-driven rf gun (see

Fig. XIII). Which indicate a larger value of laser pulse length (o-. > 5ps) than 2 ps design

v_ue,

It was also observed [1] that after illuminating the cathode with a pulse of 0.1 mJ/cm:

(reached in about 10 ps), an ("enhanced") emission mode set in during which (after 5 ns

of build up time) a large amount of charge was generated and accelerated in the gun for

50 ns, after which the gun energy wan reduced (lost).

Some of preliminary ATF data [1] indicated that the emittance (_ 4 mm-ro.rad) re-

mained constant, when the charge was varied from 0.2 to 2 nC. This may have been due to

the misalignment in the first quadrupole triplets [see Fig. 4], that is being corrected, and

due to errors in the calibrations and/or interpretation of the preliminary measurements.

Our results for the beam energy at the gun exit compares well with the preliminary

ATF data, (e.g. with Q, o'z, E0 given in column 2 of Table [), but predicts a larger range

of values (not a constant value) for the emittance (when the charge was varied from .2 to

- ].7 -
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VII. FIGURE CAPTIONS

Figure 1 Block diagram of the Brookhaven Accelerator Test Facility.

Figure 2 The ATF experimental hall, _howing how the beam is deflected into one of the

three experimental beam[ines.

Figure 3 Shows the ATF High-energy bearaline.

Figure 4a Sketch of the BNL ATF injection system. The transport beam.line from the

gun to the linac entrance showing the positions of the magnetic elements. The preliminary

emittance measurements were made at the profile monitors labeled as PM1, P._I2.

Figure 4b Sketch of the BNL ATF injection system. The transport beamline from the

gun to the linac entrance is shown and labeled. This is the same set up as in Fig. 4a where

the elements are labeled.

Figure 5 Schematic plot of the BNL photocathode gun.

Figure 6 Block diagram of the ATF laser system.

Figure I-1 Shows plot of the r, H_ =const. [ines for 1 aC case, totM field. For the design

parameters with 100MV/m, ¢0 = 55, _z= 2 ps, and a',.= 3mm.

Figure I-2 Shows plot of charge density distributions as functions of z and R (given by

equations in section II).

Figure I-3 Shows plot of Current density distributions as functions of z at different radii,

(see equations in section III).

Figure I-4 Shows plot of Ez (solid line) and E_. (dashed lines) vs z. This Figure shows

the electric component of the bunch self field.

Figure I-5 Shows plot of Ez (solid line) and E,. (dashed lines) vs P,..

Figure I-6 Shows plot of H_ vs z. This Figure shows the effect of wake and bunch self-

fields.
w

Figure I-7 Shows plot of H_ vs P,..

Figure I-8 Shows plot of Transverse Emittance vs z. Dashed line shows the normalized

emittance; Solid line shows the rms emittance; and the third curve (with longer dashes)

gives the aormallzed emittance associated with central slice of the bunch.
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Figure 11-10 Shows plot of Current density distributions as functions of z at different

radii, (see equations in section III).

Figure II-li Shows plot of propagation of the bunch self field produced by the bunch at

average z position --- 48mm.

Figure II-12 Shows plot of Transverse Emittance vs z. Dashed line shows the normaJJzed

emitt__nce; Solid line shows the rms emittance; and the third curve (with longer dashes)

gives the normaJ_zed emittance associated with central slice of the bunch.

Figure III-1 Shows plot of the r • H s = const lines for 1 nC case, total field, at output

Z (Average) position of _-, 98mm.

Figure III-2 Shows plot of X vs X'; the transverse phase space.

Figure III-3 Shows plot of Transverse Emittance vs z. Dashed line shows the ._ormakized

emittances; Solid line shows the rms emittance; and the third curve (with longer dashes)

gives the normalized emittance associated to with centrd slice of the bunch; at output

phase of 425 degrees and initial phase of 65 degrees.

Figure III-4 Shows plot of Longitudinal Emittance vs z.

Figure III-5 Shows plot of Average Kinetic Energy (solid line) vs z.

Figure III-6 Shows plot of length of the bunch as function of z.

Figure rv-i Shows plot of the r • }:/¢ = const lines for 1 aC case, total field.

Figure l'V'-2 Shows plot of X vs X'; the transverse phase space.

Figure IV-3 Shows plot of length of the bunch as function of z.

Figure V-1 Shows plot of the r • H_ = const lines for 1 nC case, total field.

Figure V-2 Shows plot of Current density distributions as functions of z at different

radii, (see equations in section III).

Figure V-3 Shows plot of Transverse Emittance vs z. Dashed line shows the normalized

emittance; Solid llne shows the rms emittance; and the third curve (with longer dashes)

gives the normalized emittance associated with central slice of the bunch with initial phase

of 45 degrees.
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Figure VII-lO Shows plot of H_ vs R.. (2 ps case).

Figure VII-II Shows plotofther - /_r¢= consttines.

Figure VII-12 Shows plotofX vsX';thetransversephasespaceat AverageZ = 98 mm

for .9nC, (2 ps case).

Figure VII-13 Shows plot of pdivE vs R. (2 ps case).

p 'Figure VII-14 Shows plot z/mc vs z. at Z average position of 98.24 mm The solid

line is the rms ellipse. (2 ps case).

Figure VII-15 Shows plot of E_ (solid line) and E, (dashed lines) vs z. This Figure

shows the electric component of the bunch self field. (2 ps case).

Figure VII-16 Shows plot of the r * H_ = const lines for 1 nC case, totM field, at output

phase of 153 degrees. This plot shows the magnetic component of the bunch seif-field. (2

ps case).

Figure VIII-1 Shows plot of the r • H# = const lines for 0.9 nC and 10ps case. Total

field. (10 ps case).

Figure VIII-2 Shows plot of X vs X'; the tran._verse phase space at Average Z = 87 mm

for .9nC and 10 ps case. (10 ps case).

Figure VIII-3 Longitudinal emittance [m rad] as a function of the bunch position z immi.

The solid line (left scale) shows the normalized rms emittance, and the dashed lines shows

6¢ (fight scale) dong the cavity, with ¢0 = 400 , and E0 = 62 Mv/m on the cathode

(as in the preliminary measured data). The boundary of the BNL rf-gun geometry is also

 hown. (10 ps

Figure VIII-4 Shows plot of length of the bunch as function, of z. (10 ps).

Figure VIII-5 Shows plot of Average Kinetic Energy (solid line) vs z. (10 ps case).

Figure VIII--6 Shows plot of Transverse Emittance vs z. Dashed line shews the normal-

ized emittances; Solid Line shows the rms emittance; and the long-dashed line (fight scale)

_ shows the normalized emittance associated with a slice of the bunch (carrying --- 10 % of

the total bunch charge), centered axound z. The boundaxy of the BNL rf-gun geometry is

also given. (10 ps case).
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Figure IX-10 Shows plot of Current density d.istribations as functions of : at different

radii, (see eqs in sect. III). (5 ps case).

Figure X-1 Shows plot of the r - H s = const Lines for 0.9 nC and 2ps case. Total field.

Figure X-2 Shows plot of X vs X'; the transverse phase space at Average Z = 98.9 mm

for .9nC and 2 ps case.

Figure X-3 Shows plot of the H'¢ vs P,.. This plot shows the magnetic component of the

field. (2 ps case).

Figure X-4 Shows plot P,./'mc vs lR., (at AverageZ = 94 mm). The solid line is the rms

ellipse. (2 ps case).

Figure X-5 Shows plot of length of the bunch as function of z. (2 ps case).

Figure X-6 Transverse beam emittance lm rad] a.s a function of the bunch position

z [mm], (from cathode to the gun exit), with _rz = 2 ps. The dashed Line shows the

normalized rms emittance (right scale), the solid Line shows the transverse emittance (left

scale), and the long-dashed Line (right scale) shows the normalized emittance associated

with a slice of the bunch (carrying _ 10 % of the total bunch charge), centered around z.

The boundary of the BNL rf-gun geometry is also given. (2 ps case).

Figure X-7 Shows plot of the H'¢ vs z. This plot shows the magnetic component of the

self- field. (2 ps case).

Figure X-8 Shows plot of Ez and g_ components of the field vs z at 11.=8.99 mm. (2 ps

case) _,

Figure X-9 Shows plot of Average Kinetic Energy (solid line) vs z. (2 ps case).

Figure X-10 Longitudinal emittance lm rad] as a function of the bunch position z [mm].

The solid Line (left scale) shows the normalized rms emittance, and the dashed lines shows

6¢ (rightscale)along the catty, with @o = 400 ,and Eo = 62 Mv/m (and 2 ps) on the

cathode (as in the preliminary measured data). The boundary of the BNL rf-gun geometry

is also shown.

Figure X-ll Shows plot of E_ (solid line) and E, (dashed Lines) vs R.. (2 ps case).
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Figure XII-4 Shows phase space plots of the beam at the entrance to the linac (element

27). With the laser pulse length of crz = 5 ps and crT.= 1.25 mm. The system will transfer

99.5 percent (with 11 degrees, pole face rotation) and the tun.ing of the quads are not as

critical.

Figure XIII-1 Shows the vertical projections of the electron beam on a profile monitor as

a function of quadrupole current where the measured emittance = 0.80,-+--0.09 mm-mrad.

Figure XIII-2 Shows the vertical projections of the electron beam on a profile monitor

as a function of quadrupole current where the measured emittance = 0.77--0.08 mm-mrad

(this figure show_ a different emittance scan than those given in Fig. XIII-1).

Figure XIII-3 Shows the vertical Emittance of the electron beam with vahation in the

spot size.

Figure XIII-4 Shows the vertical projections of the electron beam on a profile monitor as

a function of quadrupole current where the measured emittance = 0.39+-0.25 mm-ro.rad.

(this figure shows a different emittance scan than those given in Figs. XIII-1 and 2).

Figure XIII-5 Shows the vertical projections of the electron beam as a function of

quadrupole current (this figure shows a different emittance scan than those given in Figs.

XIII-1, 2 and 4).

Figure XIII-6 Shows the photoelectron-beam momentum as a function of the rf phase.

The data points are the momentum measured in the beamline at ATF.
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Figure 4a Trans0ort beamline t'rom the gun to the Linac IATF
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Figure 6 Block diagram of the ATF la, er av,tem.
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Figure II-1 shows plot of the r*H_ = const lines for I nC case, total field.

,5
•' 2. _;. 6, 8, 10, 12.

2 Cml

• Figure II-2 plot of the Linesof self field produced by l nC bunch.
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Fil_ure 11-12 shows olot of Transverse Emittance vs z. Dashed line

shows the normalized emittances_=t/(x2)fp_)-(xp,_) 2 ; Solid

curve line..,sla°ws the emittance _ = ,_(x2)(x,2)_(xx)2and
curve {(_entraJ), gives _n associated to the central slice of the bunch.
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Figure Ills shows plot or".-kvera__eKinetic Energy (solid line)
and -_7t<Y>!dashed line j, vs z
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Figure III-6 Plot, of len6%h of %he bunch ms function of :.

- 59 -



- 6i -



- 63 - .



'3

:4

" "_ c_S e - 50c3C e '_._v'N' i
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Figure V-8 shows plot of X vs X'; the transverse x (_mJ
phase space.
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Figure V-7 SHOWS plot Or" Average Kinetic Energy (solid line)

and .XT/<-_ (dashed line), vs z.
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" Figure VII-3 shows plot of the r'. H,_ = const tines t'_0,,)nC case

- SIGZ=2:s, SLGR:l.25. Z. P_rsa
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. Figure VII- 4 shows plot of Transverse Emittance ,is z. Dashed Line '_hows :he

normalized emittances E, _=_,x:_,{p{)_ xps;, "_ . Solid curve Line snows :he

emittance _ - l(x2X(x,-_, -,x.t,,,- and thirdcur",'e{g_ enma/,gives_n lssoclated[o
[he csntral slice or" the bunch.
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Figure Vll-7 shows plot of length of the bunch and Rrrns vs z.
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Figure VII- 8 Plot, of t,he longibudin&l emi%%&nce _s
function of _
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" Figure VII-12 shows plot of X vs X': rbe transverse phase space.
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Figure VIIT. 7 Shows current plot and the location of the particles

a.[ong the cavity. The boundary of the BNL ft-gun geometry is Mso given.
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. Figure IX-2 Shows ploc ofX vs X'; the _ransverse phase space at
Average Z = 92.6 mm for .9nC and 5 ps case.
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Figure IX-5 Shows plotoi Average KineticEnergy (solidline)vs z.
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Figure IX-6 Shows plotofTransverseEmittance vs z.
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Figure X-3 Shows plotof the g_ vs R..This plotshows the magnetic component of the

field.
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Figure XIII-I Shows the vertical projections of the electron beam on a profile morutor as

function of quadrupole current where the measured emittance = 0.80--0.09 mm-mrad.
3.5

" Emittance Scan 2

J J - \\.
'.,'1 \
"3 \\

.,,., "_.. ._ . ,.

. .

. .

N

Figure XIII-2 Shows the verticalprojectionsoftheelectronbeam on a profilemonitor

. _sa functionofquadrupolecurrentwherethemeasuredemittance= 0.T7+-0.08mm-ro.rad

(thisfigureshows a differentemittancescanthanthosegiveninFig.XIII-[).
I,
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Figure XIII-5 Shows the vertical projections of the electron beam as a function ,_f

quadrupole current (tNs figure shows a different emittance scan than those given in Figs.

XIII-1, 2 and 4).
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Figure XIII-6 Shows thephotoelectron-beammomentum asa functionoftherfphase. II

The datapointsarethemomentum measuredinthebea_lineatATF.
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