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The Coulomb correétions to the Glauber fofmula 'for> the
absorption cross-sections of hadrons by nuclei are calculated. The
influence of the real part of the nuclear potential is taken into
account. Calculationé are made in the  frame of High energy
approach. A comparison with data of annihilation cross-sections of

antiprotons on nuclei is made.
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- INTRODUCTION
In the work [1] the unusual behavior of the antiproton -

. nuclei cross-séctions was noticed, namely too strong dependence on
~atomic weights A in comparison with ‘expecied 'dependence about

X A2/3' I{ was supposed thét such behavior may be déscribed by the
influence of Coulomb potentialf In this  article the -attempt to
evaluate Qodlomb influence on the aniiproton-nuclei  annihilation

in the'frame»of~Higb Energy approach {21 is made.

CALCULATION .
. We proceed from well known formula for divergence of flow in
quantum mechanics: :
’ divj = &-In V- p)?
here V is a potential and y is a wave function.
Using this formula one can easy obtain the expression for the

absorption cross-section in the potential V :
abs

. o .
o ——;—GI(ImVIW‘J dBI'

To obtain the value of cross-section by means of this formula

it is pecessary to know the wave function in the region where the




imaginary part of potential’is not zero. To find a wave function
‘we will use the Lippmann-Shwinger integral equation:

wr = éf""‘ - hd I e;rgr’ J ver' yr d3r'

In the frame of High Energy approach one finds the solution of
this equation in the form: . | ’
W) = elkr‘¢CrJ < ,
Substituting  this wavé function 'into . Lippmann-Shwinger
equation after a number of usual transformations, one can get the
integral e@uation for function ¢CrJ : ’ ‘

\

d:(x,y,z) =1-;L f( 1 - 93"“2 4‘) 3 Vex,y :) #x,y, 8 dz:
. *(0 .

Here as usual, the 2-axis direction is the dxrectlon of the
initial partlcles momentum In the standard way one can get from
this an equivalent differential- equatxon for ¢(r) :

—22 21k C—“ﬁ V =0
We find the solution of this equation in the form:
' z
#x,y,2) = exp { I 09,82 d&'}
-0

After not difficult transformations one can get the equation
for £ :
freffoakf By =0

In the frame of the high energy approach we can neglect the
- derivative of f. After that, we obtain a usual quadratic equation



v 3
for f. Solutions of this equation are :

' = 1 i‘—a—a__i

To choose the right sine we may compare this solution with
Glauber model or with optical model, in which the wave function

has the form:
- . z
wxexp{—;—vﬂ’ft)d:}
-t

Expanding the square root, one can find that minus sine must

be chosen. Thus we get the wave function in the form:
. - » - z .
wix,y,2) = elkr-ex ik fcl1-v1+ %5 V.)dt} v
. ’ -0

éubstituting this expression into the formula for the
absorption cross-section, we finally get :

- z
Oabs = -% 'fdab dz Im V-exp{ ~ikfI7A+ %-V -7+ %-V* Jdt}
: - ,

It is our final formula, and we are going to investigate the
influence of the Coulomb potential on the ‘antiproton-nuclei
annihilation cross—section by means of this expréssion. But as a
first step we consider the relation between this formula and that
of standard Glauber approach [3]. '

It is well known that in Glauber model ths absorption cross
section doesn’t depend on thé real part of the potential (41, and,
as a‘consgqtence, 6n the Coulomb potential. Let us consider how it
can be derived'from dur expression. To do it, one can -take the

expansion of the squafe root in the integral :




Y1+ o V =14+ o k‘+ OKVE?_“‘i
* and keep only fl"St twc memhera' In this case the exyression -in i

A,the square brackets takes the form

'/1+——-V v’1+3~- T xBlipy

'8

' and the exnressxcn for the absorptlon cross sectlon becomes

-~

c'abé_-? m, jd“b az InvV-: e\p{ il ﬂm Va:}

‘There.is no dependence'on the real part or the potent1a1 in
‘this formula. From this derivation. it 1s clear that ‘this
dependence dlsappears when we neglect the hiéh, pouersv'of ‘the
) potentlal in the square root expansion. If we don’t do it, we can
take into account the real part of nuclear potentlal and Coulomb
potentlal and evaluate their infiluence on the absorption cross
section. But befare that we ‘consider the transformation of our
: fcrmula 1nto the standard expre551on fcr ‘the absorptlon Cross
snctlon in Glauber approach

After 1ntegra ion on z cne gets : o
® o
i [ 2 : B
U“bs = fd"‘b a.- exp{ 35 fIm Vd:} : _ -
: -

'Infépiical modefiin the frame of Glauber approach the optical
nuclear potential - is expressed through the amplltude of the .

plas ic acatterlng on zero angle f(0) in the form:

-1 2 2nN .y
s n'vopt = =g pLI') FCoo

Here N is the number of nucleons in the nuclei; i) is £he '

i
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»‘normaixzed nuclear density and R is the wave number of imitial
partlcles The amplltude FCO may be expressed by means of Optlcal‘.
:theorem through the total partlcle—nucleon cross section Utot -

After this transformatlon we have:
- - "U - : . -
Yopt = - % Np{r)atot(s + 1) -

In this formula‘e is the rati¢ of the real part the amplitude
to the imaginary one. ;Suﬁstituting this expression into -the

formula- for the absorpticn cross—section, we get . standard :

expression for this cross sectlon in Glauber approach (3] IS
= Jdb (1 - exp(- Nortot fp(b 2d2)

| Return now to our formula for the absorption cross section :

-E [P a2 o veexp{ -ikiAS B - AL S0 1}

It’s clear from this that both Couldmb potgntial and the real

part of the optical nuclear potential have influence on the

babsorption cross seétion In the case of the antiproton—nuclei o

interactions almost all absorption cross sectxon is annihilation -’

cross section and it seems to be easy to compare experlmental

* results and calculations by means of this formula. But the true

nuclear optical potential is not known. Moreover, exact Coulomb
potential is not known too, because it depends on the exact charge

" distribution in nuciex thCh is unknown. But, if  we ‘wan* only-‘
.Qevaluate these 1n;luences we may use any approprlate ‘model. In
this work we con51der the optical potentlal in Glauber approach ’

\




. . 6 ”
(may be it se§m5~to be ‘strange make corrections to the formula by
means of this formula). In this case, unknown factor is the ratio
of reél to imaginary parts of the amplitude. As the nuclear
‘density we take wﬁods—Sakson/distribution: . s

> ) o
plr) =

- 1+ exp("’ e

Here R = rO-A1/3 is the average nuclei radius, T i$ a falloff

parametér and f p(r)-4m-r®dr = 1 . Parameters r, and v are taken

from [5] and equal r = 1.L5ﬁ§,r'= 0.45 fm

As a result, the expression for the absorption cross section "

becomes:

ahbs fdab dz ImV,- exp{ ka[fr+ & Vt A+ dr Vi ]dt}

" Here Vt is the sum of nuclear and Coulomb potent1als

» V't=Vn*VC'”
the nuclear potential has the form :
Vy = - ’-’EB NoCrJoy oy (e + 1)

and Coulomb potentlal is -
«
Ve (r) = -4n 26® [ j Xr'or*ddr’ + jp(r Jr'dr’)
. o I

As far as the amount of the ratio of real to imaginary parts
of the amplitude £ is not known, we have made calculations for two
cases: one with & = 0.0 and another with £ = 0.5. Thé amounts of
Oy ot have been taken from (6]. The results of the caleculations are
in the ﬂable N 1. The comparison of the experimental results and
the calculations for four energies is shown in the fig. 1.

“It’'s clear from our results that, at least in the frame of

x



,'Laur approach .naithar Coulemb potentlgi nor th@ raal pﬁrt 'fi’>
=”nuclear potential can not desoribe the 1ncraase of A-degendence of

i fthe annlhilation cross sectlons at low momenta observed in- 111*7~5*

i Howaver, calculated correctxons change amounta of annihxlatzon
cross sections in true direction Maybe more exact nuclear optical
potential and charge dis tributions in. nucle1 can give better

-approach to the experzmental results ¢ which, 1rqm_tne pther hand.

" need to bermore precise )J. - ':,_ ’

It must be ment ioned that at low momenta corrections grow..
From thxs point of view, it is 1ntereating to calcukate
correplions to the usual Glauber formula at the lowjménenta. These'
corréctions have been éalculated fof the momentum rangé ffdnJ 0.30

‘GeVsc to 0. 70 Gev/c The p0551b111ty of application of high energy
approach and Glauber model in this range of momentum ‘has been
con51dered in works 14]. In calculating of cross sect:ons by, qur )
formula the same parameters of nuclei density were “used. - Total'
antiproton - nucleon cross sections were taken from [6] —Results
are collected in the Table 2.- . N

To sne more precisely the dependence of corrections on the
1n1t1al partlcle momentum, let’'s ‘consider a relatlve correctlons
of the absorption cross sections, 1i.e. the ratio ~of the.
corrections to Glauber cross sectlons Fig.2 shows the 'relative
corrections at the change of the real to imaginary ratio ¢ from ‘

'0 0 to 0! 5 in depending on the initial antiproton momentum Y-axxs
represents the value: 'S = ”(5'00?2,630{5 0.0 and - X-axis
represents the initial antiproton momentum p. Fig.Z2-a represents

data calculated wiihqut Coulomb potential and Fig.2-b represents

data with Coulomb potential. These figurers show. us that- the




'alnfluance or the real part cf fuclear potential'rapldly 1ncreases.

'»‘;when the antiprcton momentum decreases -The amounts of. correctionsj}x

‘can achieve tens-of percents Besldes that ‘one can see that the
.changs of S doesn’ t depend on the atomic welght of the target
nucleus A. . :

Fig.3 shows the relative corrections with and without Goulomb
;-pbtenti@l dependlng on the initial antiproton momentum. Y-axis

g - ofeul) - ofno culy
. olno cu . '

represents the initial antiproton momentum p. On the fig.3-2 the

represents the.'valué: and X-axis
data calculated without real part of the nuclear potential ( i.e ¢
= O )} are represented, and the fig.3-b represents data calculated
" with this part C f.e. a=0.5 ).. From these figures one can see that
~ the contribution of Coulomb'potehtial to the annihilation cross
section essentially depends on the atomic weight - of the ta?gét '
ﬁucléus‘or. more accurately, on it's ‘charge  Z. _The‘_growth‘;qf
-corréctiéns'at low{momentavis rather»conslderable,'at least, for
heavy nuclei. - ‘ '

CONCLUSIONS ,
From results presented here, one can make conclusion that
anomalous A-dependence of . annlhilatlon cross sections ooserved ‘in-
(1] at the moment 0.70 GeVrc, hardly may’ be accounted for the
lnfluence‘of Coulomb potential, at'leastv in -the frame of high
ene%gy approach. Although Coulomb potential gives necessary‘ type
corrections to the annihilation cross sections, i.e. increasing
their A-dependence, the amounts of correcticns are not enough to
explain the erfect. Perhaps, it is necessary to have more détail
and more exaét consideration or more adequate model. -
From the cther hand, demonstrated calculations show that the
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"o lannihxlation cross sactions depend on hcth Conlom patem.ial mé

N the real: part of the nuclear potential. Curresponding correctxans
rapidly increase, as the _1n1t1;4 momentum decrease,  -and their.-» -

dependenciés on -atomic weight are very different: whiIer the.

vcorrectxons due to the real part of the nuclear petent.ial dofi't

depend on the atomic. ‘weight, the correct.mns due to Gaulomb

potential strongly depend om it.

. From all n;entioned above, o¢ne can conclwde t.hat. further

»mvestxgatlon of t.he antiproton nucle1 annlhllatmn cross sect:.ons
. at low momenta is’ the - interesting and important problem from
. theoretical and experimental points of view. -




A1PZ.|'p-- lothadr) | ole=0) |{'0(e=0) .| 0(£=0.%)[6(e=0.5)
ol MGevse | | ecul | nocul cul no cul
g 4 0.70 13.80 38.2510. 37.5155 38.63%2 38.5334
‘8- 4 095 12,60 36.4215 36,3344 27.0963 37.0403
g 4 1.26 10.78 34.4308 34.3715 = 34.8509  34.8370{
9 4 1.53 9.97 33.4383 33.3872 33.743% 33.7522|
8 4 1.76 955 328798 -32.8440  33.1438 33.1594
9 4 25 820 30.9675 30.9127 - 31.1124  31.1321
.12, 8 0,70 '13,80 44.3205 44.1056  45.5880  45.4076
12 6 “0.95 12.680 T42.9701 42.8203 43.8402 43.7375
12 6 1.26 10.78 40.8235 40.7240 41.3864 41.3335
12 6 1.53 Q.97 39.7504 30.6708 40.1788 . 40.1496
126 1.76 955 30.1655 30.0876 30.5179  39.5002
12 6 2580 820 37.6405 37.0130 37.8340 37.2997
27 13 0.70 13.80 69.9383 60.3089 72.3130 71.7439
27 13. 0.5 12.60 68.1125 67.6080 '69.7754 6Q.4228
27 13 1.26 10.78 65.4438 65.1234 66.5502 66.3068
27 13 1.53 9.97 64,1115 63.8395 64.9663 64.7816
27 13 1.76 ©55 63.3780 63.1303 64.0928 63.9462
g7 13 2.5 8.20 © 60.8300 60.6144 61.2566 61.181/19
5 26 0.70 13.80 105.8737 104.3023 109.8838 108.3604
56 .26 0.95 12.60 103.3402 102.2835 106.1294 105.1864
56 26 1.26 10.78 90.8676 99.1533 101.7629 101.1784
56 26 1.53 9.97 98.1766 97.6001 - 99.6519 09 2349
56 26 1.76 9.55 ©95.2544 O6.7578 98.4936  98. 1661
56 26 2.50 8.20 94.1265 03.7521 94.9000 94.7483
64 28 0.70 13.80 114.2423 112.4769 118.6052 116.9350
64 29 0.5 12.60 111.6546 110.3737 114.7140 113.5817
B4 28 1.26 10.78 108.0130 107.1281 11C.0969 109. 3550
64 20 1.52 Q.97 1062459 105.5252 107.8962 107.3098
64 26 1.76 9.585 105.2924 104.5291 106.6608 106.1739
64 29 2.50 8.20 102.0342 101.5880 102.8754 102.6820

RS



v 'I‘a_!_al_e' 1. (continue).
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A1z |p |othadr)| oCe=0) | ofe=0} | o(e=0.5) |oCe=0.5)
GeVc cul | no cul cul no cul -
112 48 0170 13.80 158.4574 154.9359 164.7546 161.4246
112 48 0.95 12.60 154.6179 152.3856 159.0951 157.0395
112 48 1.26 10.78 150.0972 148.5550 153.1731 151.8344
112 48 1.3 9.97 147.9015 146.6704 150.3369 149.3118
112 48 1.76. O.55 146.7260 145.6556 148.7666 147.9491
112 48 2.50 8.20 142.8483 142.0405 144.1450 143.6715
207 "8 0.70 13.80 228.3856 221.1827 237.7829 230.8657
207 8 0.95  12.60 222.5782 217.9946 229.2823 224.9809
207 82 1.26 10.78 216.5513 213.4240 221.2131 218.3798
207 82 1.53  ©.97 213.6723 211.1776 217.3165 215.1800
207 82 1.76 9.55 212.0944 209.9510 214.8785 213.4408
207 82 250 _8.20 20765956 206.0452 2096686 208.5740
Table 2. Calculating cross-sections (in fn®)

AlZ }p oChadr) | oe=0) | a(e=0) | 0(e=0.5) Jo(£=0.5) .

GeVrc | cul | no cul cul no cul
9 4 0.30 23.85 45.8788 45.0305 49.1308 48.2805
9 4 0.3 21.74 44.1995 43.7722 46.8621 46.4718
8 4 0.40 19.97 42.8300 42.5076 45.1007  44.8002
9 4 0.45 18.46 41.6877 41.4009 43.6432 43,3862
8 4 0.50 17.45 40.8247 40.5928 42.4946 42,2919
‘9 4 0.55 15.65 30.3636 30.1697 41.1264 - 41.2641
8 4 060 13.88 38.3920 38.2383 39.8374 38,7831
g 4 0.70 13.80 38.2510 37.5155 - 38,6392 38.5334
12 6 0.30 23.85 53.5889 52.3476 57.5502 56.3288
12 6 0.3 21.74 51.6219 50.9190 54.9133 54,2600
12 6 0.40 1997 50.0919 40.5263 52.9030 52.3807
12 6 0.45 18.46 48.7938 48.3187 51.2353 50.8020
12 6 0.50 17.45 47.8142 47.4325 49.9111 49,5653
12 6 0.95 15.65 46.2178 45.8954 47.3844  47.6984
126 060 13.88 44.4961 44.2304 45.2552  45.7098




-Table 2. (¢

,‘: 1]

ont inue) _
AtZ |p Jothadr){ o(e=0) | ote=0) | 0(£=0.5) [o(£=0.5)-
_JeeVa C —cul 1 no cul cul .| no cul
12 6 0,70 13.80 44.3205 - 44.1056 45.5880 - 45. 4076
27 13 030 23.85 82.9304 70.9475 89.9500 87.1089
‘27 13- 0.36 21.74 80.0545 78.0905 85.8071 83.0469
27 13 . 0.40 -18.97 77.8349 76.2468 82.7981 81.3007|.
‘2713 0.45 18.46° 76.0182 . 74.6778 80.3819 79.1245{
127 13 0,50 17.48 74.5865 73.5048 | 78.3638 77.3587
27 13 0.55 -15.65 72.4920 ' 71.5745 75.7350 74.8854
27 13 0.60 "13.88 70.2777 60.5048 = 72.876Q 72.2845
S 27.13  0.70 . 13.80 69.9383 £9.3080 72.3130  71.7439
56 26 0.30 23.85 125.1912 118.2745 136.1514 129,3877
‘56 26 0.36 21.74 120.3830 115.5430 120.5788 124.9485
56 26 0.40 19,97 117.0886 113.1446 125.1985 121.4376|
56- 26 0.45 . 18.46 114.4550 111.1210 121.6204 1184583}
56 26 0.50 17.45 112.2709 109.5790 118.5165 115.9675
56 26 0.55 15.65 109.4612 107.1623 114.8948 112.6965
56 26. 0.60 13.88 106.5070 104.5829 110.9831 109.2949
5 26 0.70 13.80 105.8737 104.3023 .109.8888 - 108.3604 |
64 29 0.30  23.85. 135.2592 127.2949 146.9779 139.3742
66 20 0.36 21.74 130.0257 124.4057 140.1082 1344688
B4 29 0.40 "19;97_ 126.2908 121.8258 135.3980 130.8474
64 29 0.45 1846 -123.8634 110.8156 131.2415 127.5584
64 20 0.50. 17.45 121.1623 118.4219 127.8613 124.9014
64 29 0.55 15.65 118.1551 115 4927 123.9670 121.4485
64 28 0.60 13.83 114.9923 112.7668 . 119.8103 - 117.8506
B4 28 10.70 .13.80 114.2423 112.4769 118.6052 116.3350
112 48 0.30 23.85 188.1622 173.1678 205.0650 190.4128
112 48 0.36 21.74 180.3315 168.4693 194.5708 184.0335
112 48 0.40 19.97 175.1171 166.2352 187.4363 178.9841
112 48 0.45 18.46 171.1460 163.6247 182.0968 174.8630
112 48 0.50 17.45. 167.56898 161.3877 177.3256 171.3961
112 48 0.55 15.65 -163.7914 158.5739 172.1830 167.2083
112 48 ~ 0.60 13.88 150.7455 155.3624 166.7330 162, 7345
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Table 2.(continue)

AlZ |p " lothadr)| ote=0) | ote=0) | o(e=0.5) jote=0.5) |

4 o dGeVee | -0 - | cul jnoetl | -cul no_cul ‘
112 48 0.70- 13.8C 158.4574 154.0359 164.7546 161.4246
207 82 0.30  23.85 274.3561 244.4991 209.0828 269.9330

207 82 0.36 - 21.74 261.5813 230.5006 282.4788 261.1280
| 207 8  0.40 19,97 253.3068 235.3717 271.6685. 284.2507

207 82 . 0.45 18.46 247.3634 232.0393 2B3.6485 248.8526

207 82 . 0.50 17.45 241.8426 229.4055 256.0888 244.1158| *
1207 82 0.5 15.65 236.3450 225.6907 248.8188 238.5729| -
207 82 -0.60 13.88 230.74/2 221.7565 241.2056 232.8026

207 82 0.70. 13.80 228.3856 221.1527 237.7829 230.8657
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